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Abstract 
 
Mixed Ionic Electronic Conductors (MIECs) such as La0.6Sr0.4Co0.2Fe0.8O3­δ (LSCF) and La2NiO4+δ 
(LNO) are gaining much attention as candidate cathode materials at reduced working temperatures 
(600-800°C), because they exhibit better oxygen transport properties, in comparison to earlier cathode 
materials such as LaxSr1­xMnyO3­δ (LSM). The main objective of the study in this thesis is establishing 
the relationship between the amount of chromium and performance degradation of LSCF and Sr-free 
LNO cathodes, and improving understanding of the mechanism.  
LSCF were screen printed onto Ce0.9Gd0.1O1.95 (CGO10) electrolyte pellets and infiltrated with 
chromium nitrate solutions to different Cr levels up to 2wt%. Electrochemical impedance 
spectroscopy at 500 ~ 800C showed that even very low levels of Cr give a significant increase in 
cathode polarisation resistance, which increases with Cr concentration. The impedance response was 
analysed using the model of Adler, Lane and Steele (ALS model) to extract oxygen self-diffusion (Do) 
and surface exchange (ko) parameters for the LSCF. The results show that Cr reduces both Do and ko, 
the latter being the more affected. However, the activation energies for polarisation resistance, Do and 
ko are not significantly affected by Cr content. This indicates that the Cr poisoning mechanism 
involves the de-activation of sites for oxygen exchange on the LSCF surface and that the cathode's 
residual activity is by means of remaining active sites. The surface reaction and diffusion of oxygen in 
dense LSCF was studied by oxygen isotope exchange using bulk specimens and depth profile analysis. 
The specimen surfaces were coated with different thicknesses of Cr2O3 by sputtering prior to 
exchange. The results showed that the Cr2O3 surface layer had a large inhibiting effect on ko, in 
agreement with the electrochemical measurements, but a negligible effect on Do because diffusion of 
Cr into the bulk was very slow. 
The effect of Cr on Sr-free LNO electrodes deposited symmetrically onto Ce0.9Gd0.1O1.95 (CGO10) 
electrolytes by screen printing was studied in a similar way. XRD of LNO/Cr2O3 powder mixtures 
annealed at 1000C for 24h showed that LNO reacts readily with Cr2O3 to form LaCrO3 and LaNiO3. 
Despite this reactivity, the electrochemical experiments show that the polarisation resistance of LNO 
cathodes is insensitive to Cr introduced by solution infiltration for Cr concentrations up to 1%. For 
concentrations above this level the Cr increases the polarisation resistance, but to a much lesser 
degree in comparison to LSCF. Cr reduces the rate of the oxygen reduction reaction on the LNO 
surfaces, but does not change the activation energy significantly. The relatively good tolerance of 
LNO cathodes to Cr ingress is probably due to the reaction products themselves having some useful 
catalytic activity for oxygen reduction. 
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Chapter 1. Introduction 
 
1.1 Introduction to the fuel cell 
 
According to the World Energy Outlook 2011, already 1.3 billion people do not have access to 
electricity [1]. From the increasing consumption of electricity, it can be forecasted that the shortage of 
energy resources will become more serious in the near future. Hence, the future energy security issue 
is being recognised as a global common agenda. Among many renewable energy generation systems, 
the fuel cell appeals as a candidate renewable energy generation system, which could replace the 
current combustion-based energy supply system.  
The fuel cell is an electrochemical device, which converts chemical energy into electrical energy 
without combustion. Generating electricity through electrochemical reactions enables to reduce or 
prevent greenhouse gas emissions (depending on the kind of fuels used) and to offer a better 
consistency in electricity supply, compared to other nature-dependent renewable resources.  
Although there is some dispute regarding the inventor, William Robert Grove (1811-1896) is widely 
known as the father of fuel cell. In 1839, William Robert Grove invented the first electric cell called 
the ‘Grove cell’, which generated an electric power of 12A and 1.8V [2]. The Grove cell consisted of 
a series of platinum electrodes and zinc electrodes immersed in nitric acid and zinc sulphate solutions. 
In 1800, Sir Anthony Carlisle and William Nicholson successfully accomplished water electrolysis 
(i.e. separating hydrogen and oxygen from water) which is regarded as the first attempt to use 
electricity for chemical decomposition. Following this discovery, William Robert Grove became 
determined to reverse this decomposition reaction by combining hydrogen and oxygen that would 
generate electrons and water as products. In 1842, he eventually published his work on an 
electrochemical device that operates with hydrogen (named the ‘gas battery’) in the Philosophical 
Magazine and Journal of Science. In the gas battery, which is regarded as the first hydrogen fuel cell, 
the generation of electrons was facilitated by two three-dimensional-platinum-electrodes, with one 
end of each being immersed in a sulphuric acid solution and the other end being sealed in tubes 
containing oxygen gas and hydrogen gas [3]. In 1889, the concept of the solid-state gas battery was 
introduced by Ludwig Mond and Carl Langer, who used a quasi-solid electrolyte with platinum 
electrodes [4, 5]. From this study, it was found that the fuel flexibility of dry gas battery is better. This 
study has been a foundation for the development of solid state hydrogen fuel cells. Table 1.1 shows 
the different types of fuel cells and their characteristics.  
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Table 2.1.1 A table showing various fuel cells and their characteristics [6-10] 
Fuel cell 
type 
Electrolyte 
material 
Working 
temperature 
Advantages Disadvantages Application 
Alkaline 
Fuel Cell 
(AFC) 
K(OH) 80 ~ 250 °C No precious 
metal catalyst 
Prone to degrade when 
exposed to CO2 
Large scale 
applications, 
underground coal 
gasification 
Polymer 
Electrolyte 
Membrane 
Fuel Cell 
(PEMFC) 
Polymer 60 ~ 80 °C Rapid start-
up/shut-down 
time, low 
thermal cycling, 
low weight  
Water management, 
Expensive Pt catalyst 
Transport 
applications  
(e.g. Vehicles) 
Solid Oxide 
Fuel Cell 
(SOFC) 
Solid oxide 700 ~ 
1000°C 
High fuel 
flexibility, High 
efficiency, No 
need of precious 
metals  
Slow start-up time, 
Evaporation of 
elements due to the 
high temperature 
Residential micro-
Combined Heat 
and Power (CHP), 
Stationary power 
generation 
Phosphoric 
Acid Fuel 
Cell (PAFC) 
Phosphoric 
acid 
200 ~ 
215 °C 
Relatively long 
life-time 
Expensive Pt catalyst Stationary power 
generation, Heavy 
vehicles 
Molten 
Carbonate 
Fuel Cell 
(MCFC) 
(Lithium, 
potassium or 
sodium) 
carbonate 
600 ~ 
650 °C 
Low cost, No 
need of precious 
metals  
Rapid degradation of 
electrolyte materials 
over time 
Distributed power 
generation, Marine 
industry, 
Stationary power 
generation 
Direct 
Borohydride 
Fuel Cell 
(DBFC) 
Sodium 
borohydride 
~ 70 °C High fuel 
flexibility 
Lack of suitable 
catalysts 
Portable 
application  
(e.g. laptop, 
mobile phone) 
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The commercialisation of fuel cells has shown slow progression in spite of the long history of the 
development, because of unresolved issues, such as the high manufacturing cost and short lifetime. 
However, ‘Fuel Cell Today’ reported that the fuel cell market showed a dramatic expansion between 
2010 and 2011. In the report, it is also shown that the application of the SOFC as small to medium-
scale stationary power generation systems is gradually increasing [11].  
The SOFC-based residential combined heat and power unit (CHP) has attracted much attention, as it 
can offer a higher electrical efficiency than the conventional national grid distribution system in 
which much energy is lost during the long transmission step. In addition, the SOFC-based micro-CHP 
shows a high maximum energy efficiency between 50% and 60%, around 20% of which can be 
ascribed to recycling the high quality heat energy waste for water heating [12]. Moreover, the SOFC 
can provide a noise-free environment and accept gaseous and liquid hydrocarbon as well as a 
hydrogen gas as fuels [13]. Recently, efforts have been also made to construct lager scale CHP 
systems, such as the SOFC-gas turbine system, as described below. 
 
• SOFC - Gas turbine system: 
Gas turbines are widely used as on-site CHP-type power generation system in the heavy duty industry 
where heat is also a desirable product in the production process. Large stand-alone gas turbines have 
electrical efficiencies of ~ 40% [14, 15]. Recently, efforts have been made to boost the 
thermodynamic efficiency of gas turbines further by integrating diverse conventional bottoming 
cycles and MAST technologies (e.g. wet gas turbine system) [16, 17]. Among various advanced gas 
turbine plant types, the hybrid gas turbine system has been found to perform at the highest electrical 
efficiency [17]. Hence, apparently, the SOFC is recognised as one of the most suitable double cycling 
component for the hybrid integrated gas turbine system, owing to the high electrical efficiency and the 
high working temperature of the SOFC [18, 19].  
There are two different schemes of choice for the double-cycling system: indirect scheme and direct 
scheme. In the indirect scheme, the combined system benefits from the heat transfer only from the 
SOFC component to the gas turbine component through a heat exchange medium. In the direct 
scheme, the exhaust gas stream of the SOFC component is in direct contact with the gas turbine 
component, offering a driving force for the gas turbine. In a direct SOFC - Gas turbine plant, in which 
electrical energy is generated by both cycling components, there exist co-operational flow actions 
between the high temperature working SOFC component, which offers both good quality waste 
thermal energy and unreacted fuels to the gas turbine cycle, and the gas turbine component, which 
provides compressed air and waste thermal energy back to the SOFC component. This bi-flow system 
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synergies to give the maximum electrical efficiency of the two cycling components. The only 
downside for such a system is its high cost which originates from the complex system design [18]. 
The very first SOFC - Gas turbine system, as shown in Figure 1.1.1, was introduced by Siemens 
Westinghouse Power Corporation in 2000 [20]. 
 
 
Figure 1.1.1 Pressurised 220kW SOFC-Gas turbine hybrid system by Siemens Westinghouse Power 
Corporation (June 2000 ~) [14] 
 
This medium-scale plant combines a tubular SOFC consisting of 1152 cells with a microturbine 
generator having two types of turbines: low pressure turbine and high pressure turbine. The total 
power output of the plant is 220kW, with 80% of this total electrical power output being originated 
from the operation of the SOFC bottoming cycle [14]. 
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Figure 1.1.2 A schematic diagram showing the system of the 220kW SOFC-gas turbine system [20]  
 
In Figure 1.1.2, the assembly of the plant is illustrated. The principal of the operation for this 
particular double-cycling plant is described below: 
Preheated compressed air at P(O2) = 3atm is directly supplied to the cathode side of the SOFC 
component from the compressor, while a fuel (i.e. H2(g)) is supplied to the anode side of the SOFC 
component, leading to generation of electricity by electrochemical reactions at a working temperature 
of 1000˚C [20]. The high-temperature unreacted fuels in the exhaust gas coming from the anode side 
of the SOFC component are then transported to the oxidiser, where full oxidation of the waste fuels 
produces a steam. The produced steam both humidifies and heats up the compressed air from the 
compressor, offering a driving force for two turbines shafts: high pressure turbine and low pressure 
turbine. The high pressure turbine drives the air compressor and the low pressure turbine is used to 
generate the AC output. The total output of this double-cycling plant is the sum of the AC output from 
the gas turbine component, and the DC output from the SOFC component [20]. 
From the plant operation, it has been found that the voltage output increases with increasing oxygen 
partial pressure at the cathode side. However, it should be noted that this positive effect of the high 
oxygen partial pressure would vanish as the working temperature of the SOFC component is lowered. 
Since it has been discovered that operating a SOFC at such a high working temperature around 
1000˚C is not desirable, as it accelerates the internal impurity volatilisation and the corrosion of 
metallic components, such a hybrid system may require further technology development to enhance 
its lifetime. 
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The electrical efficiency of the above 220kW hybrid system has been found to be 58%, which is 
expected to increase up to 70 ~ 80% in a large-scale hybrid combined system [14]. Accordingly, 
Siemens Westinghouse Power Corporation initiated a project on larger-scale SOFC-gas turbine 
combined plants, which produce a total power output of 2 ~ 4MW with support from Southern 
California Edison and the U.S Department of Energy in 2008 [21]. To accomplish the electrical 
efficiency target of 75%, it has been planned to use coal gas as a fuel instead of natural gas to increase 
the fuel-to-energy conversion efficiency. Although using coal gas requires incorporation of a CO2 
separation system, which leads to an energy penalty, to keep the hybrid nature, according to the 
energy efficiency forecast, the energy penalty is expected to be low around 5% [21]. 
 
1.2 Introduction to the Solid Oxide Fuel Cell (SOFC) 
 
A single cell of the SOFC consists of two porous electrodes, which are separated by a dense ion-
conducting electrolyte. In a stack of the planar-design SOFC, many single cells are connected in series 
by interconnects to produce a sufficient power output [6]. This modular system allows flexibility with 
respect to its power output, since the number of stacks can be customised to match a required power 
output.  
Figure 1.2.1 shows the physical configuration of a single cell in the SOFC. For operation, a fuel, H2 or 
hydrocarbon, is supplied to the anode side, where the oxidation of the fuel occurs, producing water 
and electrons. The produced electrons are then transported by the external circuit to a cathode side 
where they are consumed for reducing oxygen dimolecules to oxygen ions. The oxygen ions diffuse 
through the electrolyte towards the anode where they react with the fuel again. Table 1.2.1 shows 
reactions, which occur at the cathode and the anode in a cell of the SOFC.   
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Figure 1.2.1 A schematic configuration of a single cell in SOFC 
 
Table 1.2.1 Reactions occurring at different sites of a SOFC single cell 
Site Reaction 
Anode    g    
            g    e
   
Cathode  
 
   g   e
           
Overall    g   
 
 
           g l  
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1.3 Fuel Cell Efficiency 
 
The total fuel cell efficiency    ) is defined as a product of three different efficiencies: ideal efficiency 
(εideal), voltage efficiency (εvoltage), and fuel utilisation efficiency (εfuel) [22, 23].  
 
                                                 (1.1) 
 
1.3.1 Ideal Efficiency (Thermodynamic Efficiency) 
 
The ideal efficiency refers to the theoretical maximum efficiency of a fuel cell. In practice, the ideal 
efficiency cannot be reached. 
 
An ideal efficiency of any system that produces energy is defined as [24]: 
 
                          
     
 
                         (1.2) 
      where Welec is electrical work done by a system and Q is energy input to a system 
 
Then, the ideal efficiency of a fuel cell is defined as [24]: 
   
                             
  
  
                             (1.3) 
            where ΔG is change in molar free energy, ΔH is change in enthalpy 
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In a fuel cell, the anodic reaction produces electrons, which are driven towards the cathode side in the 
limit of a change in the chemical energy, ΔG, which offers a driving force for the directed electron 
flow work. Above a critical temperature at which the induced thermal energy is sufficiently large 
enough to activate electrochemical reactions at both electrode sides, ΔG begins to decline gradually 
with increasing temperature, because there is more thermal energy that does not contribute towards 
forwarding the electrode reactions at a higher temperature. Since ΔH increases gradually with 
increasing temperature, the ideal efficiency of fuel cells is inversely proportional to temperature above 
300˚C [25]. 
 
1.3.2 Voltage efficiency 
 
The maximum cell (Reversible) potential at an operating temperature can be calculated using the 
Nernst equation as shown below: 
 
            
   
    
 [ln
      
            
 
 
]               (1.4) 
where E is maximum voltage or reversible voltage, E° is Standard Nernst voltage, R is gas constant 
(8.314 J mol      ), n is number of charges, and F is Faradays constant (96485 C mol  ) 
 
The maximum potential (E) of a single cell in an ideal SOFC is known to range between 1V and 1.2V. 
However, a single cell in a conventional SOFC operates at a working (terminal) voltage around 0.7V 
with a maximum power density of around 0.9W cm   due to irreversible internal voltage losses.  
 
Accordingly, here is another fuel cell efficiency term taking account for the total internal voltage loss:  
 
                          
  
 
                        (1.5) 
where          is voltage efficiency, Ew is working potential 
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Using Equation (1.5), εvoltage of a conventional SOFC cell is determined to be between 58% and 70%.  
For a working SOFC, a cell is required to operate at a potential for a return of a sufficient electrical 
work. Then, a cell starts to operate to produce electrons at a current density where irreversible internal 
voltage losses arise, leading to a reduced working voltage, as shown in Figure 1.3.1. Since the voltage 
loss is closely related to the current density, there is a compromise to be made between the power 
output and the energy. Increasing the current density would tend to increase the power density until it 
reaches a point where the internal voltage losses (overpotential, η), which are proportional to the 
current density, become too large, resulting in a high energy loss.  
 
The total overpotential is given by: 
 
                                                                  (1.6)    
(Given –     ) 
where        is overpotential arising from the anode,           is overpotential arising from the 
cathode, Rohmic is ohmic resistance arising from a cell 
 
Figure1.3.1 shows a schematic diagram demonstrating the working voltage characteristics over a 
range of current density. 
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Figure1.3.1 A schematic diagram demonstrating the working voltage characteristic over a range of 
current density [26] 
 
There are three types of overpotential: ohmic loss, activation polarisation, and concentration 
polarisation. The three overpotential types are described as shown below. 
 
(1) Ohmic Loss: 
The ohmic loss results from the electronic conductivity of the cell components and the current 
collection arrangement.  
 
 
 
 
Nernst potential (E)  
Open circuit Potential (OCV) 
Working cell potential (Ev) 
Ohmic 
loss 
Activation 
polarisation 
Diffusion 
polarisation 
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The loss mechanism can be defined by the Ohm`s law:    
     
                                                                         (1.7) 
where Rohmic is total ohmic resistance and j is current density 
 
Thus, 
 
                                     
   
   
                               (1.8) 
                  where d is thickness of a material and A is area of a material 
 
The majority of ohmic loss arises from the dense electrolyte owing to its negligible electronic 
conductivity. Equation 1.8 shows that the geometry of the electrolyte affects the ohmic loss. 
 
(2) Activation Polarisation: 
Activation polarisation originates from charge transfer reactions at the electrode-electrolyte interfaces 
and the charge collector-electrode interfaces. When the two oppositely charged surfaces face each 
other at the interfaces, they act as a ‘double-layer capacitor’ resulting in an energy storage. This 
phenomenon resists the flow of a current by a degree, which is dependent on the associated 
capacitances.  
 
A Butler-Volmer equation demonstrates the relationship between the activation polarisation 
overpotential and the current density as shown below: 
 
                        e p (
              
   
)  e p (
             
   
)                (1.9) 
where αa is anodic kinetic constant, αc is cathodic kinetic constant, and io is exchange current density  
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Good compatibility and adhesion between electrodes and electrolytes are important to minimise this 
type of overpotential. Accordingly, in order to achieve a good interface, thermal expansion coefficient 
(TEC) compatibility and chemical reactivity between electrodes and electrolytes should be carefully 
examined. 
 
(3) Concentration Polarisation: 
The oxygen electrochemical reagent, O
x
, in a single cell of the SOFC moves from the cathode towards 
the anode. Owing to the slow mass transport rate in comparison to that of the charging/discharging 
current, an internal concentration gradient of the electrochemical reagent is internally created in the 
cell under polarisation, as schematically illustrated in Figure 1.3.2 [27]. As a result, an overpotential, 
which is associated with mass transport in electrodes arises. Since the electrochemical reagent is 
rapidly transported in the dense electrolyte, the concentration gradient is almost constant throughout 
the electrolyte. Hence, this type of overpotential is mostly originated from electrodes. 
Given a constant temperature, as the current density increases, the difference between the rate at 
which the electrochemical reagent is transported and the rate at which the cathode and the anode are 
charged and discharged would increase. And when a critical current density, the so-called limiting 
current, is eventually reached, then the anode-fuel interface becomes completely depleted in the 
electrochemical agent, theoretically giving rise to an infinite overpotential. Nevertheless, in real life, a 
finite maximum overpotential is observed at the limiting current.  
 
The concentration overpotential is defined as:   
  
                                  
   
   
   (   
 
  
 )                          (1.10) 
where i* is limiting current 
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Given that, 
 
                          
       
 
  and     
            
 
                 (1.11) 
where D is diffusion coefficient of materials used at a temperature of T, F is Faradays constant, L is 
thickness of a diffusion layer, co is bulk concentration of electrochemical reagent, and cS is surface 
concentration of electrochemical reagent  
 
 
Figure 1.3.2 A diagram showing the mass transport activity (marked in blue) in a single cell in 
relation to the discharging / charging current (marked in red) 
 
To minimise the concentration polarisation, electrodes can be modified to give an optimum mass 
transport rate by varying the natural deficiency of the electrochemical reagent in electrodes. Also, the 
concentration polarisation depends on porosity and tortuosity of electrodes.  
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1.3.3 Fuel utilisation efficiency 
 
The fuel utilisation efficiency strongly influences the total efficiency of a fuel cell. Because, in an 
operating cell (i.e.      ), a fuel is always utilised unless a working voltage becomes equal to the 
maximum voltage. In other words, the fuel utilisation always prevents the working voltage reaching 
the theoretical EMF. The fuel utilisation efficiency is highly temperature-dependent, because the 
outlet heat transfer rate is determined by the internal temperature.  
 
The fuel utilisation efficiency is given by:   
    
                   
           
                     
                (1.12) 
Using Equation 1.12, the fuel utilisation efficiency of a conventional SOFC is limited to around 90% 
at temperatures above 600°C.   
 
1.4 Cathode materials in SOFC 
 
1.4.1 Electronic-Conducting cathode (EC) in the High-Temperature SOFC 
(HT-SOFC) 
 
In the field of solid state electrochemistry, Pt has been around as an electro-catalyst and used with the 
yitteria-stabilised-zirconia (YSZ) electrolyte for around 100 years [28]. However, there is a major 
downside for Pt: its high cost. Fortunately, since semiconducting ceramics exhibit an increasing 
conductivity with increasing temperature, the high working temperature of the SOFC allows 
semiconducting ceramics to be employed as catalysts instead.  
SOFC cathode materials have to satisfy the following criteria stated below [29]: 
• High electronic conductivity 
• Good thermal expansion compatibility with electrolyte materials 
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• Mechanical stability under thermal cycling 
• High porosity (~ 40%) of the final microstructure 
• Catalytic activity for the oxygen reduction reaction 
 
In the HT-SOFC, the perovskite structured electronic conducting (EC)-type cathodes, such as 
La1­xSrxMnyO3­δ (LSM), were used as their cathodic performance was satisfactory. Additionally, the 
thermal expansion coefficient (TEC) of LSM is around            , which is close to that of the 
YSZ electrolyte, ~              , so that the materials are not prone to thermal cycling damage 
during the operation [30]. For an EC-type cathode, there is a confined region at the oxygen gas-
cathode-electrolyte interface, which is often called ‘Triple Phase Boundary’ (TPB), where the 
electrochemical reaction occurs as illustrated in Figure 1.4.1. The TPB is known to extend to less than 
1µm only from the electrolyte surface [31]. The small size of the TPB in the EC-type cathodes can be 
ascribed to the relatively small number of mobile oxygen vacancies existing in these materials as 
reflected in their low oxygen ionic conductivities. The relatively low oxygen ionic conductivities of 
the EC-type cathode materials can be explained in terms of the valence stability of the B-site ions as 
described below.  
When a dopant ion (e.g. Sr
2+
) substitutes an A-site ion (e.g. La
3+
), a single effective negative charge is 
produced which can be compensated by either the formation of oxygen vacancies or the oxidation of 
the B-site transition metal ions. In the case of the EC-type cathode materials, oxidation of B-site 
transition metal ions is preferred over the formation of oxide vacancies due to the relatively good 
valence stability of the B-site ion. For example, in La1­xSrxMnyO3­δ (LSM), as tetravalent manganese 
ions are chemically stable, the oxidation of Mn (from Mn
2+ 
to Mn
3+
) is favoured over the formation of 
oxygen vacancies [32]. Because of this relatively good valence stability of Mn, LSM exhibits a 
relatively good chemical stability which in turn makes it an attractive cathode candidate material 
under such a high-temperature working environment. Moreover, LSM is known to show a reasonably 
good electrochemical performance at above 850°C. For example, according to the literature, LSM 
having a composition of             shows total polarisation ASR of 0.61  cm  at 850°C [33].  
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Figure 1.4.1 Cathodic reaction occurring at the gas-cathode-electrolyte interfaces in typical EC-type 
cathodes ( : Triple phase boundary) 
 
However, La2Zr2O7 and SrZrO3 phases have been found to form at the LSM-YSZ interface as a result 
of the chemical reaction between LSM and YSZ during the electrode fabrication at around 1000°C. 
These insulating phases forming at the interface have been found to create a highly resistive contact 
between LSM and YSZ, leading to an increased overall overpotential. According to Labrincha et al. 
[34], the electrical conductivity of La2Zr2O7 (density: ~ 70%) is as low as 0.13  cm   at 700°C and 
1.91  cm   at 1000°C which clearly demonstrates the insulating nature of the interfacial phase. 
Following a number of studies on the second phase formations, various ways to suppress the 
formation of zirconia phases at the interface between LSM and YSZ have been proposed. For 
example, Jiang et al. [35] claimed that an A-site deficiency in LSM can reduce the formation of the 
zirconia phases at the LSM-YSZ interface, since the non-stoichiometric ratio between the A-site and 
the B-site decreases the diffusivity of Mn
3+
. Additionally, in many studies, depositing a dense layer of 
diffusion barrier (e.g. a Ce1­xGdxO2­δ dense layer) between YSZ and LSM has been attempted to 
suppress the chemical reaction between YSZ and LSM [36-38]. 
 
e- 
O
2-
 
 
 
O2 (gas)  + 2e  (cathode) → O
2- 
(electrolyte)  
 
O2(g) 
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1.4.2 Mixed Ionic and Electronic Conducting (MIEC) Cathodes in the 
Intermediate-Temperature SOFC (IT-SOFC) 
 
A typical working temperature of the HT-SOFC having LaCrO3-based oxide interconnects was very 
high around 1000°C. In the current generation SOFC, the Intermediate-Temperature-SOFC (IT-
SOFC), the working temperature has been reduced to between 600°C and 800°C.  
There were motivations for lowering the operation temperature as stated below [32]: 
• Adoption of metal interconnects becomes possible, thereby lowering the cost. 
• Radiation heat loss becomes less and heat management becomes easier. 
• Faster starting-up time 
• Reduced thermal stresses in the solid components 
 
In spite of many advantages gained from lowering the working temperature of the SOFC, cell 
materials selections have become more critical, owing to the slower kinetics of the electrolyte and the 
electrodes at a reduced temperature. In particular, the need for advancing cathode materials has 
become highlighted as the polarisation overpotential is predominant in the operating temperature 
range, while the cathode is the site of the largest polarisation loss. Thus, great efforts have been made 
to find / engineer suitable cathode materials that would meet the expected performance level even at 
600°C ~ 800°C. 
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Figure 1.4.2 Cathodic reaction occurring near the cathode-electrolyte interface in typical MIEC-type 
cathodes  
 
So far, perovskite structured MIEC-type cathode materials have demonstrated their high potential as 
cathode materials in the IT-SOFC. By using MIEC-type cathode materials, the expected slower 
electrode kinetics at a reduced temperature can be overcome as these materials can provide substantial 
solid-state oxygen transports in the bulk [33]. Nevertheless, having a substantial oxygen transport in 
the bulk ultimately dismisses the well-known concept of the TPB. Instead, in the MIEC-type cathode 
materials, the electrochemical active region vertically extends above the electrolyte-cathode interface 
three-dimensionally by a few microns, as illustrated in Figure 1.4.2. The size of this 3D 
electrochemical active region is determined by the solid-state diffusivity and the oxygen exchange 
rate of a MIEC-type material of choice. Thus, in such a material, the overall electrode kinetic is co-
limited by two bulk oxygen transport parameters: (a) diffusion coefficient (Do) and (b) surface 
exchange coefficient (ko) for oxygen [39]. Figure 1.4.3 shows oxygen isotope tracer measurement 
results of various MIEC-type cathode materials reported in the literature. 
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Figure 1.4.3 Arrhenius-type graphs showing tracer diffusion coefficients (D*) and tracer surface 
coefficient (k*) of oxygen in MIEC-type cathode materials (i.e. La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), 
La0.3Sr0.7CoO3-δ (LSC), La2NiO4+δ (LNO), LaNi0.6Fe0.4O3-δ (LNF), La0.6Sr0.4Co0.98Ni0.02O3-δ (LSCN), 
La1.9 Sr0.1NiO4+δ (LSN), La1.9Sr0.1Mn0.5Fe0.5O4+δ (LSMF) [40-44]) 
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Some candidate MIEC-type cathode materials proposed for the IT-SOFC are discussed below: 
 
• Sr-doped LaCoO3 (LSC): 
Sr-doped LaCoO3 (LSC) is the first MIEC-type material adopted as a SOFC cathode. LSC is known 
to display a high oxygen ionic conductivity and a good electrochemical performance (total 
polarisation ASR: ~ 0.01  cm  at 750°C [45]). According to Bucher et al. [46] the maximum oxygen 
ionic conductivity of 0.5  cm   for La0.4Sr0.6CoO3-δ is obtainable at          and T     ° .  
Despite the good electrode performance of LSC, its high thermal expansion coefficient (LSC, TEC: 
~               [47]) and the relatively low chemical stability have been found to be problematic. 
Although adding an interlayer between LSC and YSZ has been attempted to suppress the chemical 
reaction at the interface, LSC has been found to show thermal-cracking when coupled with CGO 
interlayers.  
• Sr-doped La1-xFeyO3-δ (LSF): 
Sr-doped La1-xFeyO3-δ (LSF) presents a higher chemical stability, compared to LSCF. Also, TEC of 
LSF (LSF, TEC: ~                [48]) is sufficiently low to be used with ceria-based electrolytes 
[48]. However, the oxygen ion conductivity of LSF at 800°C is found to be around 0.0045S cm  , 
which is much lower than that of LSC [49]. 
• La1-xSrxCo1-yFeyO3-δ (LSCF): 
As reported by Ullmann et al. [50], the oxygen vacancy concentration dependency of thermal 
expansion coefficient of a cathode material is the inverse of that of ionic conductivity. This implies 
that there is a trade-off relationship between mechanical stability and oxygen ionic conductivity. This 
trade-off relationship has led to a composition modification of LSC and LSF to a family of La-based 
perovskites, having both Co and Fe on the B-site, LSCF. Hence, LSCF can be viewed as a solid 
solution between LSC and LSF. Accordingly, the LSCF family offers a satisfactory compromise of 
electrode kinetic and chemical stability, while Co-rich LSCF and Fe-rich LSCF exhibit similar traits 
to LSC and LSF respectively. 
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• Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF): 
Co- and Fe- containing perovskites, with Ba, Pr, Nd, Sm and Gd occupying the A-site, have been 
investigated as well [51-55]. In particular, impedance spectroscopy results obtained from a 
symmetrical cell containing a Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) cathode and a Sm-doped electrolyte 
showed that the electrochemical performance of BSCF is superior (i.e. total polarisation ASRs: 
0.055Ω cm2 at 600°C and 0.51Ω cm2 at 500°C) [55]. However, BSCF has been found to react with 
CO2 in air, and hence, the adoptability of the material as a cathode is still doubtful [56].  
• LaNi1-xFexO3-δ (LNF): 
Although Sr remains as a popular A-site dopant ion, Sr is known to accelerate chromium degradation 
at the cathode side. Hence, efforts have been made to look for available Sr-free perovskite structured 
materials, such as LaNi1-xFexO3-δ (LNF, TEC: ~          K
-1 
[57]). According to Bevilacqua et al. 
[58], at 800°C, total polarisation ASR of LaNi0.6Fe0.4O3-δ is around 1.3Ω cm
2
. This shows that the 
electrochemical performance of Sr-doped MIEC-type conductors is better than that of LNF. Thus, 
LNF may not be suitably to be applied at working temperatures below 700°C.  
• LSM/YSZ and LSCF/CGO composite materials:  
Composite materials containing an EC/MIEC-type cathode material phase and an ionic conducting 
electrolyte material phase (e.g. LSCF/CGO composite, LSM/YSZ composite) are also being 
considered as cathode candidates for the IT-SOFC, because they can provide an enhanced pathway for 
bulk oxygen ion transport as they contain highly ionic conducting particles of electrolyte materials in 
composition. According to Dusastre and Kilner [59], an addition of 30wt% CGO to LSCF can reduce 
total polarisation ASR by 75% at 590˚C, compared to that of a pure LSCF cathode. Perry et al. [60] 
reported that increasing the weight ratio of the CGO phase from 30wt% to 50wt% has shown an 
improvement in total polarisation ASR of the LSCF-CGO composite, from 0.6Ω cm2 at 590°C to 
0.33Ω cm2 at 600°C. A study on the electrochemical performance behaviour of a 50LSCF-50CSO 
composite also reported that total polarisation ASR is around 0.23Ω cm2 at 700°C which shows that 
the effect of the CSO addition on the electrochemical performance enhancement of LSCF-based 
composites is similar to that of the CGO addition [61]. Since total polarisation ASR of a LSM-YSZ 
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composite (i.e. total polarisation ASR: 0.3Ω cm2 at 700°C) has been found to be similar to that of the 
LSCF-CGO composite as well, it can be concluded the superior electrochemical performance of the 
composite materials is mainly due to the high ionic conductivity of the electrolyte material phases, 
such as CGO,CSO, and YSZ, in composition [62].   
• La2NiO4+δ (LNO): 
Multi-layered structured materials, such as Ruddlesden-Popper series oxides (e.g. La2NiO4+δ (LNO), 
Sr2CeO4+δ, and La2CoO4+δ), have been recently explored as cathode materials in the SOFC. The 
Ruddlesden-Popper structured oxides have proven to exhibit outstanding oxygen transport as well as 
good electronic conductivity. More importantly, the Ruddlesden-Popper structured LNO is an 
attractive material for a chromium degradation study, since it does not contain Sr in composition. 
Further detailed descriptions on the Ruddlesden-popper structure and electrode performance of LNO 
can be found in the following chapters.      
              
1.5 Introduction to thesis  
 
The relatively short lifetime of a fuel cell system is the greatest challenge that needs to be overcome 
for commercialising, because having a short reliable cycling period would mean failing to meet the 
high production cost. So far, a number of durability tests on the SOFC have proven that power output 
descends within a few thousand hours of operation, mainly due to degradation of cell materials. The 
high degradation rate of the SOFC is mainly due to electrode contaminations by foreign elements, as 
shown in Figure 1.5.1, which originate from fuels, metallic interconnects, gas supply tubes, and glass-
sealings under such a high temperature working environment. In the field of the SOFC research, such 
electrode degradation phenomena caused by such foreign elements are regarded as ‘poisoning’. The 
poisoning phenomena were initially predicted to be lowered in the IT-SOFC, however, many studies 
claim that the effect of poisoning still persists, even at the reduced operation temperature of the IT-
SOFC.      
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Figure 1.5.1 A diagram showing concentration of several kinds of impurity elements found at LaFeO3 
based cathode after operation time of 24h, 3000h, 5000h, and 8000h, where the test was run under a 
constant current of      cm   at 750˚C [63] 
 
The cathode side is the main area of interest in terms of cell voltage loss, as a relatively large amount 
of chromium arises from the Cr-rich metallic interconnect, resulting in a drastic drop in cell voltage. 
To decrease the evaporation rate of chromium, it has been widely attempted to cover the metallic 
interconnect with a various type of protective coatings, as shown in Figure 1.5.2. However, such 
protective layers cannot suppress the chromium evaporation completely because they also become 
deteriorated over time. 
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Figure 1.5.2 A microstructural diagram showing the arrangement of internal single cell components 
[64]  
Although the formation of chromium-containing deposits in cathode materials cannot be completely 
avoided in the current technology status, as different cathode materials have different chromium 
tolerance powers, a sensible cathode material selection can indeed prevent a sudden voltage loss 
during operation and enhance the lifetime of a stack.  
 
 
Figure 1.5.3 Durability test results obtained from stacks having LSM and LSCF at a current density of 
     cm    at 800˚C [64] 
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Figure 1.5.3 shows durability test results obtained from two identical stacks having different cathode 
materials (i.e. LSM or LSCF). For both stacks, voltage losses were mainly attributed to large amounts 
of chromium, which were detected on the surfaces of cathode materials after operation as shown in 
Figure 1.5.4. As demonstrated in Figure 1.5.3, the voltage output found in the stack containing LSM 
falls exponentially after ~ 3000h of an operation under a current density of 0.5 Acm   at 800˚C, 
whereas the stack containing LSCF presents a gradual reduction in the voltage output for 5000h under 
the identical condition. These stack test results are in good agreement with many single cell testing 
results, from which it has been confirmed that LSM is more sensitive to chromium exposure than 
LSCF.      
 
 
Figure 1.5.4 A diagram showing microstructure of LSM after 3000h of stack testing: white arrows 
indicate (Cr, Cu, Mn)-spinel phase [64] 
 
As demonstrated in the stack test results shown in Figure 1.5.3, the MIEC-type LSCF can withstand a 
greater amount of chromium than the EC-type LSM. Nevertheless, the chromium sensitivity of LSCF 
is higher than Sr-free LNF, which is known as a chromium tolerant cathode material [63, 65]. 
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Figure 1.5.5 An overpotential versus time graph obtained from a single cell testing that was run with 
different cathode materials in the presence of a Cr-containing alloy under    m  cm   at 800˚C [66] 
 
In contrast to single cell testing results shown in Figure 1.5.5, the stack test results shown in Figure 
1.5.6 do not reflect the stronger chromium tolerance power of LNF when compared to results obtained 
from stacks containing LSCF and LSM shown in Figure 1.5.3 [64, 65]. This is because the stacks used 
in the two different studies were designed differently and operated under different current supply 
conditions using different fuels. Hence, it can be learnt that a direct comparison between different 
stacks is invalid. Accordingly, for such a modular system, such as the SOFC, the bottom-up approach, 
starting from the smallest unit (i.e. a single cell), would be more useful if were to compare the effects 
of using different operation conditions or cell materials, as experimental variables can be easily 
manipulated in the relatively simple experimental set-up of single cell tests.  
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Figure 1.5.6 Voltage losses of a stack containing LNF under different current densities at 800˚C [65]  
 
Nevertheless, it is generally accepted that the strong chromium tolerance power of LNF is due to the 
absence of Sr. Accordingly, La2NiO4+δ is likely to exhibit a strong chromium tolerant power as well. 
Therefore, the present study aims at developing the approximate relationship between the amount of 
chromium and performance degradations of LSCF and LNO, followed by comparing the different 
chromium sensitivities of the two materials. The thesis consists of seven chapters: Introduction, 
Background study, Literature review, Technical background, Effect of chromium dosage on the 
electrochemical and oxygen transport properties of La0.6Sr0.4Co0.2Fe0.8O3­δ (LSCF), Effect of 
chromium dosage on the electrochemical and oxygen transport properties of La2NiO4+δ (LNO), and 
Effect of chromium on LSCF analysed using TOF-SIMS. 
 
 
 
 
0.3 A cm-2 
0.5 A cm-2 
1.25 A cm-2 
2.3 A cm-2 
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Chapter 2. Background study  
 
2.1 Point defects and crystal structures of cathode and electrolyte materials 
 
2.1.1 Intrinsic semiconductor 
 
It is well known that physical systems including gases and liquids deviate from their ideal behaviour. 
Solids also contain deviations in real life. Such deviations are termed defects or imperfections [67].  
The pure semiconductors without any foreign impurities are regarded as intrinsic semiconductors. 
However, even intrinsic semiconductors contain built-in defects, the so-called intrinsic defects. In 
spite of the perception on the term ‘defect’, defects in semiconductors do not represent a lack, but 
rather a desirable property to enhance total conductivity.   
 
2.1.1.1 Electrical conductivity 
 
The electrical conductivity is a measure of a material to conduct electricity both electronically and 
ionically. The electrical conductivity of ceramic semiconductors ranges between        cm   and 
     cm   [68]. 
 
Electrical conductivity is defined as [69]: 
 
                                                        (2.1) 
where σn is n-type conductivity (e-), σp is p-type conductivity (h˙), and σion is ionic conductivity 
 
Electronic conductivity can be defined as the sum of n-type conductivity by electrons and p-type 
conductivity by holes in a material.  
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Electronic conductivity of a semiconductor is given as [69]: 
 
                                                             (2.2) 
where n is the number of electrons or holes, q is the charge per charge carrier, and μ is mobility of 
electrons and holes 
    
Like electronic charge carriers, charged ions can become mobile when liberated from a fixed position 
as a lattice gains more energy on increasing temperature. Such mass transport by mobile charged ions 
leads to a locally inhomogeneous mass distribution.  
 
Ionic conductivity by ‘hopping’ of charged carriers (electrons, holes or ions) is given as [70]: 
 
                            
  
 
 e p   
 
   
                               (2.3) 
                     where    is the pre-exponential term 
  
Both electronic charge carriers and ionic charge carriers are subjected to an electrical field, but often 
one type of conductivity is dominant over another depending on the nature of crystals. The 
transference number shows the degree of dominance by one type of conductivity. 
 
The transference number of electronic conductivity can be expressed as [32]: 
 
                                
       
           
                        (2.4) 
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The transference number of ionic conductivity can be expressed as [32]: 
 
                           
    
           
                           (2.5) 
           
2.1.1.2 Electronic conductivity 
 
Electronic conduction of metals is rapid as there are free electrons that move in the direction of an 
electric field. Nevertheless, metals are known to corrode at a high temperature and their electronic 
resistances increase with temperature. Thus, semiconducting ceramics are often employed in high-
temperature working systems, owing to their good corrosion resistivity and stability at elevated 
temperatures. In ceramics, covalent bonding primarily determines the degree of electronic conduction, 
and the electronic conduction mechanism can be explained by the band theory. The conduction 
phenomenon involves a characteristic energy barrier for electrons to overcome when jumping from a 
lower energy band, valence band, to a higher energy band, conduction band. For a successful 
electronic conduction, the conduction band in semiconductors is required to be partially occupied with 
electrons. When electrons depart from the valence band, it creates positive electronic defects, the so-
called holes, which also contributes to electronic conductivity as positive electronic charge carriers, in 
the valence band. Hence, in intrinsic semiconductors, the electroneutrality condition for electronic 
defects is zero as the number of electrons is equal to the number of holes. 
The characteristic energy barrier between the two energy bands is called band gap (Eg), which is 
defined as a forbidden energy space where no electron is permitted to settle into. At room temperature, 
semiconductors exhibit a negligible electronic conductivity due to a lack of thermal energy to 
overcome the band gap. Only on increasing temperature, thermally excited electrons can be promoted 
to the next energy level, giving rise to a substantial electronic conductivity [68].  
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2.1.1.3 Ionic conductivity 
 
In crystals, lattice atoms are charged, but the charge is sometimes not definite when some metal ions 
have more than one valence state (particularly transition metal ions). In this case, under reducing and 
oxidising conditions, the valence state of the metal ions alters, and as a result, ionic defects internally 
form to accommodate the change in the valence states.  
 
There are two types of ionic defects: vacancy and interstitial. The phenomenon of which an atom is 
missing from the lattice produces a vacant lattice site is referred to as vacancy formation [67]. 
Alternatively, a misplaced atom can fill voids adjoining the lattice sites and create an interstitial atom. 
In the effort of maintaining an internal equilibrium, with a provision of a sufficient thermal energy, 
mass is transported along a concentration gradient, which forms as a consequence of the formation of 
these defect species. Therefore, ionic conductivity can become predominant over electronic 
conductivity in a mixed-bond semiconductor containing a high concentration of ionic defects. 
Accordingly, many mass transport phenomena are understood by assuming that these defects are 
mobile. However, it should be noted that, strictly speaking, the concept of ‘moving defects’ is not 
really true because defects actually provide a pathway for atoms. Furthermore, it should be also noted 
that ionic conductivity of a material does not account for all types of mass transport (e.g. transport of 
coalesced species such as neutral vacancy-interstitial pairs). Hence, the diffusion constant often does 
not match the ionic conductivity. 
 
The point defects are usually expressed using the Kröger-Vink notation, which consists of three 
different symbols representing the species, the lattice site, and the corresponding charges in the 
configuration of  pecies            
      
 (e.g.  
  ). The types of species symbols include vacancy (V) and 
metal M (M), and the types of lattice location symbols include interstitial (i) and lattice site of an 
original species U (U). The number of dots and primes denote the number of effective positive 
charges and the number of effective negative charges respectively [69].     
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Figure 2.1.1 A schematic diagram illustrating the Schottky defect and the Frenkel defect in an ionic 
crystal 
 
As illustrated in Figure 2.1.1, there are two main types of ionic defect pairing: Schottky defect and 
Frenkel defect [69].  
The Schottky defect is created by displacements of both cation and anion, creating two oppositely 
charged vacancies. In order to maintain an overall electroneutrality, anion vacancies and cation 
vacancies should be equal in stoichiometric ratio.  
The Frenkel defect is created by a displacement of an atom to an interstitial site producing a vacancy 
and an interstitial pair. In this case, the number of vacancies is equal to the number of interstitials, 
maintaining electroneutrality. As such, unlike the Schottky defects, production of the Frenkel defects 
does not increase the volume of a crystal.  
 
These defect disorders can be expressed using the Kröger-Vink notation as shown below [69]: 
 
               ll     
      
        (Schottky Defects)           (2.9) 
     
     
      
        (Frenkel Defects)            (2.10) 
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2.1.2 Extrinsic semiconductor 
 
A non-stoichiometry occurs when there is a compositional excess or deficiency of one or more species 
or an introduction of substitutional impurities into an intrinsic material, leading to an unbalanced 
stoichiometric ratio. The presence of the charge imbalance results in the formation of extra electronic 
defects or ionic defects in the effort of maintaining an overall electroneutrality within a lattice. These 
extra defects are called extrinsic defects and these can assist electronic conduction by introducing 
more energetically favoured levels for electronic charge carriers and ionic conduction by increasing a 
number of ionic defects. A technique for introducing a small amount of aliovalent ions into a lattice is 
called ‘doping’, and is frequently used to introduce extrinsic defects.  
 
There are two types of doping: donor (n-type) doping and acceptor (p-type) doping. 
Donor doping occurs when higher valent cations are added to the lattice sites. The substitutional 
incorporation of higher valent cations generates extra electrons that are trapped just below the 
conduction band in the donor level. Thus, in n-type semiconductors, the extra electrons have easier 
access to the conduction band, resulting in an increased electronic conductivity. As a result of donor 
doping, negatively charged ionic defects, such as cation vacancies and anion interstitials, can form in 
addition to electrons.    
Acceptor doping occurs when lower valent cations are added to the lattice sites. The substitutional 
incorporation of lower valent cations offers a vacant energy level, the acceptor level, just above the 
valence band. Electrons in the valence band can easily jump to the acceptor level, leaving positively 
charged electronic defects, holes, in the valence band. The extra holes act as vacant sites for other 
electrons, and as such, they also contribute to electronic conductivity. As a result of acceptor doping, 
positively charged ionic defects, such as anion vacancies or cation interstitials, can form in addition to 
holes. 
In the SOFC, p-type semiconducting oxides are used as cathode materials, as extra oxygen vacancies 
and holes can promote total conductivity [32].  
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2.2 Crystal structures of SOFC materials  
 
2.2.1 Crystal structures of cathode materials 
 
2.2.1.1 The perovskite structure 
 
Perovskite materials contain a lattice structure of ABO3, as shown in Figure 2.2.1. The ilmenite 
structure is also known to have the chemical composition of ABO3. However, this class of materials 
contains cations of a similar size unlike the perovskite structure. Due to the large lattice energy of the 
perovskite structure, the structure is to an extent capable of accepting abnormal natures, such as a 
non-stoichiometric ratio between the A-site and the B-site, oxygen deficiency / excess, and cations 
with different ionic radii. Thus, owing to their good chemical stability and compositional flexibility, it 
has been of particular interest to adopt perovskite-based compounds in the SOFC. Most importantly, 
p-type perovskite oxides present a good oxygen catalytic activity which makes them very good 
alternatives to expensive precious metals such as platinum [71].  
In a typical perovskite material, the A-site is occupied by a larger rare earth metal, such as La and Ba, 
and the B-site is occupied with a smaller transition metal, such as Mn, Co, and Fe. In general, the 
perovskite structures deviate from the ideal cubic structure (i.e. a = b = c) towards more distorted 
crystal structures on decreasing temperature. Hence, at room temperature, the structure is usually 
rhombohedral or orthorhombic. The degree of crystal structure distortion is primarily determined by 
the size difference between an A-site cation and a B-site cation where the B-O octahedral bonds 
accommodate a strain caused by the A-O octahedron bonds [32].  
 
The degree of deviation can be estimated using the tolerance factor ( t ) [72]: 
 
                          
       
√          
                         (2.11) 
where rA is radius of a A-site ion, rB is radius of a B-site ion, and rO is radius of an oxygen ion 
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The perovskite structure has a tolerance factor between 0.80 and 1.10 where a cubic structure is 
maintained at t ~ 1 [32]. As the tolerance factor (t) is lowered, we can predict that a lattice would 
transit from cubic towards triclinic. The perovskite structure is schematically illustrated in Figure 
2.2.1. 
 
 
 
 
Figure 2.2.1 The perovskite structure (top) and its cubic unit cell (bottom) 
 
 
 
 
 
A-site ion 
B-site ion 
Oxygen ion 
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La1-x SrxCo1-yFeyO3-δ (LSCF) 
 
At room temperature, the crystal structure of perovskite LSCF is known to be rhombohedral with a 
tolerance factor of around 0.96 [73]. A non-stoichiometry in LSCF can be accomplished by 
introducing an oxygen deficiency (3-δ) and doping the A-site with Sr. When doping, an effective 
negative charge is produced as a La
3+
 is replaced by a Sr
2+
 where the negative charge is compensated 
by either the formation of an oxygen vacancy or an oxidation of a B-site ion. In LSCF, the former is 
favoured in the SOFC working temperature range. Below, Sr doping and the charge compensation 
actions for LSCF are expressed in the Kröger-Vink equations.  
 
The Sr doping equations for LSCF can be written as shown below: 
 
   r  
 
 
        
              r  
     
     
         (2.12) 
where B is B-site ions (e.g. Co or Fe ions) 
 
This can be rewritten in terms of the formations of electronic holes and vacancies: 
  
      r  
 
 
               r  
     
  + 2h               (2.13) 
 
                                                  r              r  
      
   + 2  
              (2.14) 
 
The ratio of the concentration of oxygen vacancies to that of positive holes changes depending on 
temperature and oxygen partial pressure. Decreasing oxygen partial pressure and increasing 
temperature accelerate the formation of oxygen vacancies.  
 
 
LaBO3-δ 
LaBO3-δ 
LaBO3-δ 
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The electroneutrality equation resulting from the A-site doping can be written as: 
     
             [ r  
  ] = [  
 ] + 2[  
  ]                      (2.15) 
    
The relationship between the formation of holes and the formation of oxygen vacancies can be 
expressed as: 
                                
    
           
     
    
 
 
                (2.16) 
 
Thus, the equilibrium of Equation 2.16 can be expressed as: 
 
                    
 
  [  
  ] [  
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2 
= K [  
 ]
2 
[  
 ]              (2.17) 
 where K is equilibrium constant 
  
                         
   
       
         
 
   
   
       
  
                        (2.18) 
 
According to Equation 2.18, the relationship between the concentration of oxygen vacancies and the 
oxygen partial pressure is given as :  
 
                              
           
 
 
                               (2.19)     
 
If LSCF is in a purely ionic compensation regime, oxygen nonstoichiometry varies as the oxygen 
partial pressure to the power of  
 
 
 , as shown in Equation 2.19. However, in the case of LSCF6428, 
oxygen nonstoichiometry is proportional to P(O2)
-0.37
 between 400˚C and 800˚C [74]. This smaller 
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measured oxygen partial pressure dependency is due to the simultaneous charge compensation of 
holes and oxygen vacancies (i.e. in a transitional regime).  
Hashimoto et al. [75] measured oxygen nonstoichiometry of LSCF (between y = 0 and y =1) in the 
P(O2) range between 1bar and 10
-4
bar over a range of temperatures between 600˚C and 800˚C, 
wherein an increase in oxygen nonstoichiometry of LSCF was observed with decreasing P(O2) and 
increasing temperature. Accordingly, oxygen ionic conductivity of LSCF can be enhanced by 
increasing temperature and decreasing oxygen partial pressure. Nevertheless, it should be noted that, 
in LSCF, electronic conductivity is predominant as the concentration of electronic charge carriers that 
depends on the fraction of covalent bonding within the lattice is larger and moves faster than oxygen 
ions via vacancies. Hence, in LSCF, the transference number of electronic conductivity (te) is close to 
1 [76, 77].  
 
   
Figure 2.2.2 Graphs showing the effects of temperature and P(O2) on the oxygen nonstoichiometry in   
La0.6Sr0.4Co1-yFeyO3-δ [75] 
 
Oxygen nonstoichiometry does not only affect oxygen ionic conductivity, but also TEC of LSCF. This 
is because TEC represents a change in the lattice expansion, which depends on a change in the defect 
concentration upon changing temperature. TECs of LSCF measured by Petric et al. [78] showed 
dependencies of the A-site and the B-site contents wherein it was shown that the TEC decreases with 
decreasing Sr content in the A-site and increasing the Fe content in the B-site. Although the TEC 
seems to be more affected by the Sr content in the A-site than the B-site composition, as shown in 
Figure 2.2.3, manipulating the B-site composition is favoured, because electrical conductivity of 
LSCF is highly dependent on the Sr content (i.e. maximum electrical conductivity of LSCF: 
700˚C 
800˚C 
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~      cm   at x = 0.4 and T = 820˚C [78]). Figure 2.2.3 shows TECs of LSCF, which have different 
B-site ion contents. 
 
 
Figure 2.2.3 A graph showing TEC values of La0.3Sr0.7Co1-yFeyO3-δ as functions of x and y [78] 
 
As shown in Figure 2.2.3, TEC of La0.3Sr0.7Co1-yFeyO3-δ varies between               and 
              , depending on the Fe content for x = 0.7. This shows that it is desirable to increase 
the Fe content in the B-site to increase TEC compatibility with the much lower TEC of the CGO 
electrolyte (CGO, TEC: ~                [79]). Additionally, it has been reported that increasing the 
Fe content in LSCF provides the phase stability effect [75, 80]. However, as shown in Figure 2.2.2, 
increasing the Fe content in LSCF can decrease the number of oxygen vacancies, leading to a 
decrease in oxygen ionic conductivity. However, as incorporation of a relatively small amount of Co 
in the B-site can effectively enhance oxygen ionic conductivity of LSCF, the B-site composition of 
LSCF is optimised by substituting more Fe than Co. The light grey areas shown in Figure 2.2.4 
represent the suitable LSCF composition range for the SOFC application. Accordingly, 
La0.6Sr0.4Co0.2Fe0.8O3-δ, (LSCF6428, TEC: ~                [29]) is the most widely used 
composition. 
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Figure 2.2.4 TEC values obtained between 30˚C and 1000˚C (left) and the electrical conductivity data 
measured at 800˚C for the entire La-Sr-Co-Fe-O system (right) [78] 
 
2.2.1.2 The Ruddlesden-Popper structure 
 
Layered perovskite structures, such as the Ruddlesden-Popper structure (also called the ‘K2NiF4 -type 
structure’) with a general formula of A2BO4±δ, are considered as new types of crystal structure for the 
IT-SOFC application. The Ruddlesden-Popper structure consists of perovskite blocks that are 
separated by rock-salt layers as shown in Figure 2.2.5. Unlike a simple perovskite structure, the 
superstructure can adopt mobile oxygen interstitials as defects, giving rise to a faster transport of 
oxygen ions. The structures can be engineered to have a number of multiple layers (n) to yield the 
higher order Ruddlesden-Popper structure, An+1BnO3n+1 [81-83]. 
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Figure 2.2.5 The Ruddlesden-Popper structure  
 
Lax+1NixO(3x+1)+δ (LNO) 
 
La2NiO4+δ is a K2NiF4-type material that is being extensively studied as a cathode candidate material 
as the Sr-free composition suggests that the material may be potentially less prone to chromium 
degradation. The crystal structure of LNO deviates to rhombohedral or orthorhombic due to the 
difference in size between the La ion and the Ni ion. In LNO, the Frenkel-type intrinsic defects form 
as the long ranged structure offers enough spaces for the formation of interstitial sites. 
 
 
 
Oi 
 
A-site ion 
B-site ion 
Oxygen ion 
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The Kröger-Vink equation for the anion Frenkel-type intrinsic defect is shown below:  
 
  
          
     
                             (2.18) 
 
The oxidation of the lattice produces oxygen interstitials as shown below: 
 
 
 
 
           
    h                          (2.19) 
 
The solubility of LNO for oxygen excess is as high as δ ~ 0.3 which can be ascribed to incorporation 
of oxygen interstitials [84]. Therefore, in LNO, oxygen transport via interstitial sites in the rock-salt 
layer of LaO is predominant over oxygen transport via oxygen vacancies in the perovskite blocks of 
LaNiO3, giving rise to rapid oxygen transport.  
 
2.2.2 Crystal structure of electrolyte materials 
 
2.2.2.1 The fluorite structure 
 
The general formula of the fluorite structure is MO2 (where M is a large metal ion) and its unit cell 
structure is M4O8. The unit cell of the fluorite structure encompasses a face centre cubic (FCC) metal 
lattice with a simple cubic oxygen lattice at (
 
 
, 
 
 
,
 
 
 ) and ( 
 
 
 
 
 
 
 
 
  , as illustrated in Figure 2.2.6. The 
structure can be viewed as arrays of simple cubic structures of oxygen ions with metal ions at the 
centre of alternative cubes.  
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Figure 2.2.6 The fluorite structure (top) and its unit cell (bottom) 
  
 
 
 
 
 
 
Cation (e.g. Ce
4+
) 
Anion (e.g. O
2-
) 
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Ce1-xGdxO2-δ (CGO) 
 
Fluorite-structure based oxides, such as ceria, provide a substantial network of oxygen throughout the 
crystal which leads to a relatively easy formation of mobile oxygen vacancies. With decreasing 
oxygen partial pressure, more negative charges are created in the lattice as the reduction of cerium 
from Ce
4+
 to Ce
3+
 becomes more active. 
 
The intrinsic oxygen vacancy formation can be described in a Kröger-Vink equation as shown below: 
 
    e  
     
           e  
    
    
 
 
                    (2.20) 
 
Equation 2.20 shows that reductions of two cerium ions are required for gaining one oxygen vacancy. 
Accordingly, the relatively low oxygen ionic conductivity of pure ceria can be attributed to a small 
number of oxygen vacancies (i.e. CeO2, tion = 0.35 at 800˚C [85]). Since the most important requisite 
for a SOFC electrolyte material is to possess a good oxygen ion conductivity, a further improvement 
in oxygen ionic conductivity of pure ceria is required in order to employ the material as an electrolyte. 
According to the Van Gool criterion, oxygen ion conductivity can reach its maximum if oxygen ions 
at different lattice points have similar energies, or, ideally, the same energies [86]. Thus, maintaining 
the most symmetrical structure, such as the cubic structure, is desirable for achieving a good oxygen 
ionic conductivity. Since the fluorite structure has a merit in its ability to dissolve a large amount of 
lower valent larger metal ions up to a 40wt%, maintaining the cubic symmetry over a range of 
temperatures of interest becomes possible even after doping by optimising the dopant concentration. 
Consequently, high oxygen ionic conductivity can be derived, as maintaining the most symmetrical 
structure and having additional oxygen vacancies can be achieved simultaneously. According to 
Yahiro et al. [85], oxygen ionic conductivity of doped ceria is higher than that of pure ceria by up to 
two orders of magnitudes. 
Gd
3+ 
is widely used as a dopant for CeO2-δ, as incorporation of Gd
3+ 
can introduce high ion 
conductivity compared to other dopants (e.g. Y
3+
), because, at room temperature, the radius of Gd
3+
 
ion (i.e. 0.1053nm) is close to the calculated critical radius of Ce
4+
 ion (i.e. 0.1038nm) [87]. The 
optimal amount of Gd
3+
 is known to be between 10 and 20mol% which gives oxygen ionic 
conductivity of           ~             cm   at 600°C [70, 88-90]. Nevertheless, it should be 
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noted that there still exits a dispute regarding which dopant among Sm
3+
, Gd
3+
, and Nd
3+
 is the best 
for ceria [87, 91, 92].  
 
When doping CeO2-δ with Gd2O3, one effective negative charge is created in the lattice, where an 
oxygen vacancy can act upon the charge compensation for achieving the overall electroneutrality. 
 
The doping equation for Gd-doped ceria is shown below: 
 
 Gd2O3              
     
      
                   (2.19) 
 
According to the literature, at 880˚C, p-type electronic conductivity of CGO20 is 
             cm  , which increases to              cm   at 1042˚C [93, 94]. This shows that 
p-type electronic conductivity of CGO is very small in the SOFC working temperature range. As p-
type electronic conductivity increases as increasing temperature, p-type conductivity of CGO will not 
pose a significant issue, as long as temperature is maintained below 800˚C. However, under reducing 
condition, CGO exhibits n-type conductivity owing to the reduction of Ce
4+
, thereby causing a short-
circuiting at the anode side. Table 2.2.1 shows n-type electronic conductivity of CGO measured at 
three different temperatures under a reducing condition [95]. According to Steele et al. [70], the 
oxygen partial pressures at which         for CGO10 at 700˚C and 500˚C are         
   atm 
and            atm, respectively. These critical P(O2) values found at 700˚C are close to the actual 
P(O2) at the anode side of conventional working SOFCs which varies between     atm 
and      atm, indicating that temperature is again an important factor for controlling n-type 
conductivity of CGO [96]. Accordingly, CGO is widely applied in the IT-SOFC.  
 
 
 
 
 
CeO2-δ   
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Table 2.2.1 n-type electronic conductivities and electronic transference numbers of Ce0.8Gd0.2O2-δ 
measured in air [97].    
CGO T / K P(O2) / atm σn / 10
-2
S      te 
1073       2.07 0.19 
      4.50 0.34 
1173       5.38 0.25 
      12.9 0.45 
1273       8.42 0.24 
      19.1 0.42 
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2.3 The ALS model 
 
2.3.1 Origin of the Gerischer impedance 
 
In 1951, Gerischer developed a model for AC and DC responses that originate from a chemical-
electrochemical-type reaction, wherein faradaic admittance was separately treated [98]. Before this 
characteristic impedance was firmly confirmed as a special trait arising from a chemical reaction 
surrounded by electrochemical reactions, this spurious response had been suspected as the effect of a 
simple constant phase element (CPE) [99].  
 
A mathematical equation for this electrochemical-chemical-electrochemical-type reaction in an 
aqueous system was formulated by Sluyters-Rehbach and Sluyters, who named the frequency-
dispersed faradaic impedance response after Gerischer [100].  
 
The Gerischer impedance (     ) is defined as [100]:  
 
                                
  
√     
                                  (2.20) 
where    is the real part of the Gerischer impedance and k is the effective transfer rate of a chemical 
reaction 
 
2.3.2 Gerischer-like impedance response in SOFC electrodes 
 
Although the Gerischer impedance was initially found in an aqueous system, the Gerischer-like 
response, which infers to a semi-infinite diffusion, the rate of which is limited by its paired kinetic 
processes, has been also observed in solid SOFC oxygen catalysts, such as platinum, silver, and 
MIEC-type oxides. The rate collaboration effect between kinetic processes and a semi-infinite 
diffusion is regarded as the ‘co-limiting effect’. 
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The Gerischer-like response originating from SOFC cathode materials is closely related to the co-
limiting effect. Accordingly, the mathematical equation for the Gerischer-like response arising from 
solid electrodes is proposed in the 2-D ALS model, as shown in Equation 2.22, which has been 
developed based on the mathematical expression of the original Gerischer impedance shown in 
Equation 2.20. For the modification, an additional kinetic term was first added to Fick`s second law to 
take the co-limitation effect into account [39]. 
 
The modified Fick`s second law having the additional kinetic term is shown below:  
      
                      
   
  
  
    
   
                                     (2.21) 
where co is concentration of oxygen and        is equilibrium oxygen concentration at t 
 
The mathematical equation proposed for the Gerischer-like response arising from solid oxygen 
catalysts is shown below: 
 
                 Zchem = Rchem √
 
         
                         (2.22) 
where Zchem is total cell impedance, Rchem is characteristic chemical resistance, tchem is characteristic 
time constant related to the chemical process of solid-state oxygen diffusion and oxygen surface 
exchange 
 
Among SOFC cathode materials, MIEC-type materials offer an alternative bulk path for oxygen 
transport which determines the electrode kinetics. Thus, the 2-D ALS model assumes that the 
Gerischer-like response originating from MIEC-type electrodes arises from the bulk oxygen transport. 
However, since there exists, in MIEC-type electrodes, rate-limited surface oxygen transport, which 
can also induce the Gerischer-like response, acting in parallel with bulk oxygen transport, as shown in 
Figure 2.3.1, one can question the validity of assigning the Gerischer-like response of MIEC-type 
materials completely to the bulk oxygen transport path contribution, as assumed in the 2-D ALS 
model. Nevertheless, the particularly strong capacitance involvement ( >        cm    of the 
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Gerischer-like response arising from many MIEC-type electrodes suggests that this assumption is 
valid in most cases. More detailed on the ALS model can be found in the next section. 
 
 
Figure 2.3.1 A diagram illustrating the oxygen reduction process via bulk path and surface path in a 
MIEC-type electrode 
 
Figure 2.3.1 illustrates the two parallel paths available in a MIEC-type electrode for oxygen transport. 
In the bulk of a MIEC-type electrode, oxygen gas is dissociated at all contact areas between particles 
and oxygen gas to double-charged oxygen ions, followed by incorporation into the bulk, while solid 
state oxygen is transported through the network of the bulk particles towards the electrode-electrolyte 
interface. Given that the bulk path is predominant in a MIEC-type electrode, overall electrode kinetic 
is determined by the horizontal flux (oxygen exchange reaction) and the vertical flux (bulk transport 
of oxygen), as illustrated in Figure 2.3.2. And these effective directional fluxes depend on 
microstructural parameters, such as concentration of oxygen vacancies, porosity, tortuosity, and the 
volumic surface area of particles, of a porous MIEC-type electrode. Hence, there are mathematical 
equations proposed in the porous electrode theory of the 2-D ALS model that embody the relationship 
between the Gerischer-like response obtained from a MIEC-type electrode at steady state condition 
and the directional rates of the co-limited bulk oxygen transport. 
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Figure 2.3.2 A diagram illustrating the rate-limited oxygen solid-state diffusion in the bulk of a 
MIEC-type electrode   
 
2.3.3 Introduction to the ALS model 
 
Alder et al. [39] set up a 2-D model (called ALS after the authors: Adler, Lane, and Steele) in which a 
3-D MIEC-type electrode is simplified as a 2-D continuum model for quantitative treatments. In this 
model, a MIEC-type electrode is assumed as a solid solution containing electrons, holes, and oxygen 
vacancies, with a continuous superposition of the mixed-conducting phase and the gas phase. These 
assumptions enable the electrode to be described statically by using parameters such as porosity, 
tortuosity, and interfacial area.  
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In the ALS model, a charge transfer process is defined as a reaction mechanism driven by a gradient 
in electrical state and a non-charge transfer process (chemical process) is defined as a reaction 
mechanism driven by a chemical potential gradient (e.g. concentration of gradient), where such a 
reaction occurs independently of current at steady-state condition [101]. Since the term ‘charge 
transfer’ is also used for describing any electron-exchange reaction, such as surface exchange reaction, 
in SOFC electrodes, confusion may arise from this specific definition given for non-charge transfer 
reaction. Nevertheless, based on this definition, it is clear that both bulk oxygen transport and surface 
exchange reaction in a MIEC-type electrode are non-charge transfer processes, as they are driven by a 
differential concentration of oxygen. Hence, chemical capacitance and resistance associated with 
these non-charge transfer reactions should be approached differently from interfacial capacitance and 
resistance as they are fundamentally different. Accordingly, the 2-D ALS model describes the zero-
bias impedance of a symmetrical cell containing MIEC-type electrodes (Ztotal) and categorises the 
electrode impedance responses into two different types of responses: charge transfer response and 
non-charge transfer response. The non-charge transfer response can also be regarded as the Gerischer-
like response. 
 
 
Figure 2.3.3 Schematic of the ALS model for a mixed-conducting electrode and the corresponding 
Nyquist plot [39] 
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In the ALS model, the zero-bias impedance of a symmetrical cell (Ztotal) can be described as [102]: 
 
    Ztotal = Relectrolyte + Zinterface + Zchem              (2.23) 
 
where Relectrolyte is electrolyte resistance, Zinterface is electrode impedance response contributed by both 
electron transfer and ion transfer at the current collector-electrode and electrode-electrolyte interfaces 
(high frequency), Zchem is electrode impedance response contributed by non-charge transfer reactions 
(low frequency) 
 
As seen in Figure 2.3.3, the charge-transfer impedance response is reminiscent of the first-order RC 
process. At a lower frequency, there is the Gerischer-like impedance response, which is larger 
compared to the charge transfer response. When the Gerischer-like impedance response is largest 
among all electrode impedance responses, the bulk involving non-charge transfer reaction steps can 
be regarded as the rate-determining processes. In addition to these two electrode processes, there is 
another chemical response, which arises due to the oxygen gas phase transport. This chemical 
response appears at a lower frequency than the Gerischer-like response, because of the large 
capacitance associated with the gas diffusion process.  
 
In a MIEC-type electrode, oxygen gas is reduced at the gas-mixed conducting phase interface which 
produces oxygen ions by consuming electrons supplied from the current collector. Thus, the porous 
electrode theory views the overall cathodic reaction, 
 
 
     e    
  , as a translation from 
electronic current, which cannot pass through an electrolyte, to ionic current, which can pass through 
an electrolyte. Thus, the transferring of the electronic current and the ionic current at the current 
collector-electrode interface and the electrode-electrolyte interface, respectively, are regarded as 
charge transfer reactions, which give rise to the charge transfer impedance response [39, 102]. And 
the actual translation from the electronic current to the ionic current occurs in an electrode and 
maximises to a characteristic distance (Lδ) above the electrode-electrolyte interface. This chemical 
translation gives rise to the Gerischer-like impedance response. Hence, the cathodic reaction can be 
viewed as a concerted electrochemical-chemical-electrochemical-type reaction as found for the 
original Gerischer response in an aqueous system. Nevertheless, unlike in an aqueous system, the 
Gerischer-like response arising from a MIEC-type electrode can be weakened if the oxygen transport 
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mechanism in the MIEC-type electrode significantly deviates from the assumptions made in the 2-D 
ALS model. Recently, to account for the 3-D particle connectivity in the bulk, the 3-D ALS model has 
been established, wherein two factors are proposed for determining the validity of the assumptions 
made in the 2-D ALS model. These factors are: (a) the size of the electrochemical active area and (b) 
the ratio between surface diffusion and bulk diffusion. In the 3-D ALS model, a comprehensive 
dimensionless parameter, κ', which encompasses the effects of (a) and (b), is also given for explaining 
suppressions that may arise for the Gerischer-like response of a MIEC-type electrode as the 
assumptions given in the 2-D ALS model break.   
 
The chemical translation in the electrochemically active depth (Lδ) in a perovskite-structured MIEC-
type electrode (i.e.    ) is effective to an extended distance (y) of 3Lδ as demonstrated in Figure 
2.3.4. 
 
 
Figure 2.3.4 Predicted oxygen vacancy concentration profile at steady-state condition in a perovskite-
structured electrode 
 
Extra materials above the utilisation region do not directly submit to the electrochemical activity. 
However, having these extra materials in a MIEC-type electrode is advantageous, as the 
electrochemical inert region can act upon the alignment of a curved current distribution as well as an 
improvement in the physical stability. 
 
 
 
 
72 
2.3.4 Interpretation of the Gerischer impedance: ECM vs. ALS model 
 
Equivalent circuit modelling is the most commonly used method for analysing impedance 
spectroscopy. However, when ECM is conducted on non-charge transfer responses, it does not lead to 
a meaningful analysis, although a physical separation among different impedance responses may be 
conveniently done.  
 
The fundamental mechanism of ECM is based on Kirchhoff `s law, and hence, the current distribution 
towards either a resistor and a capacitor in a parallel RC circuit is thought to be dependent on the 
frequency of perturbation of voltage, as the accumulation of charges in an electrochemical capacitor is 
directly related to the perturbation voltage. This electrochemical charge accumulation in a circuit 
represents the double-layer capacitance, which is associated with the charge transfer impedance 
response. 
 
The direct relationship between the electrochemical capacitance and the applied voltage can be clearly 
seen in the simple equation shown below:  
 
                                  
  
  
                                (2.24) 
where     is double layer capacitance, q is number of charge stored per unit area, and V is applied 
potential 
 
On the other hand, chemical capacitance is not directly influenced by an applied voltage, since the 
nature of capacitance is different from that of the double-layer capacitance. For example, the origin of 
chemical capacitance arising from MIEC-type cathode materials is their oxygen defect sites, which 
store ionic charges in the opposition of a current flow.  
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Figure 2.3.5 A comparison between the Gerischer impedance and the Finite-length Warburg 
impedance [103] 
 
Nevertheless, when modelling the shape of the Gerischer impedance using ECM, the bounded 
Warburg circuit element (i.e. Wb) is commonly used, owing to the similarity in appearance between 
the Gerischer response and the Finite-Length Warburg circuit element. However, although they both 
contain a long range ~ 45˚ inclined line impedance at a higher frequency and a CPE-like response at a 
lower frequency, it has been reported that the Warburg circuit element fails to fit the Gerischer 
response because, in principle, the Gerischer response is slightly more depressed than the Warburg 
element as shown in Figure 2.3.5 [103, 104]. Recent ECM-fitting software has introduced the 
Gerischer circuit element (i.e. G), which scales to the shape of the Gerischer response to higher 
precision. However, there are still only few papers reporting the use of the Gerischer circuit element 
in the literature [105-107].  
 
2.4 Oxygen bulk transport constants   
 
The intrinsic oxygen bulk diffusion (Dintrinsic) cannot be measured directly. Therefore, bulk oxygen 
diffusivity in materials is indirectly measured by either observing a diffusion profile of 
18
O tracer 
given a time of mass transportation (i.e. for measurement of D* and k*), or measuring the difference 
in conductivity given a change in oxygen partial pressure (i.e. for measurement of Dchem and kchem). In 
the former case, the experimental error associated with the measurement technique is very low as 
built-in diffusion profiles are analysed, but more expensive. In the latter case, the experiment 
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technique is more cost effective, but its accuracy is lower, compared to the tracer measurement 
technique. Tracer diffusivity for oxygen (D*) includes the possibility for oxygen ions to jump back to 
their original lattice sites, which is energetically favourable, after their first jump. Therefore, D* is 
usually lower than Dintrinsic, and they are correlated by a factor called the correlation factor (fo), which 
is close to unity. Dchem further accounts for the change in a chemical potential gradient with increasing 
time and the effect of charged electronic defects. Hence, Dchem is higher than D*, and these two 
diffusion constants are related by a factor called the thermodynamic factor (A). The thermodynamic 
factor for an oxygen nonstoichiometric material can be defined as a resulting differencial oxygen 
deficiency given a change in oxygen partial pressure. Hence, oxygen defect diffusivity in oxygen-
deficient perovskite structured / perovskite-related oxides is in the same order of magnitude as Dchem 
[108, 109].   
 
Surface exchange coefficient (k) is a measure of oxygen exchange activity at the contact area between 
a solid and oxygen gas. The notion of ‘exchange’ in oxygen catalysts encompasses reaction steps 
associated with dissociation of dimolecule oxygen and incorporation of oxygen ions. These oxygen 
surface exchange reaction steps are driven by a difference in chemical oxygen potential between a 
solid and oxygen gas. Intrinsic surface exchange rate represents the rate of oxygen exchange activity 
at a dynamic equilibrium. In this situation, the rates at which oxygen enters and leaves in two opposite 
directions are identical, and hence, the equilibrium exchange flux (ro) can be written as       
       
(where   is tracer surface exchange rate and co,eq is equilibrium oxygen concentration at the surface at 
   ). However, the equilibrium surface oxygen concentration changes as a function of time as a 
chemical potential gradient forms in the surface depending on the rates at which oxygen ions are 
removed from the surface and electronic current enters into the surface. This phenomenon explains 
the co-limiting effect (refer to section 2.3.2) between Dchem and kchem. Nevertheless, in this case, the 
equilibrium exchange flux can be written as                      (where       is chemical 
surface exchange and co,eq1 is equilibrium oxygen concentration at the surface at t). Since kchem 
depends on the surface oxygen defect concentration relative to oxygen partial pressure, kchem can also 
be correlated with k* by the thermodynamic factor (A) [110].   
 
In Table 2.4.1, the factors affecting two oxygen transport constants in oxygen nonstoichimetric 
materials are displayed. When evaluating changes in the oxygen transport constants, it is important to 
consider all the influential factors listed in Table 2.4.1.  
 
75 
Table 2.4.1 Factors which can affect oxygen diffusion coefficient and oxygen exchange coefficient 
 Oxygen transport constants Influential factors 
 Oxygen diffusion coefficient (Do) • bulk defect concentration for bulk diffusion 
• substantial network of oxygen defects 
• temperature 
• oxygen partial pressure 
Oxygen exchange coefficient (ko) • surface defect concentration 
• surface electron concentration 
• dissociation rate of dimolecule of oxygen 
• contact surface area with the oxygen gas 
• temperature 
• oxygen partial pressure 
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Chapter 3. Literature review 
 
3.1 Introduction 
 
The decreased SOFC operating temperature has led to the use of metallic interconnects instead of 
ceramic interconnects. Ceramic interconnects have been replaced by metallic interconnects, as they 
provide longer-term mechanical stability, higher electronic conductivity, and cost less [111, 112]. 
However, deposition of chromium species arising from metallic interconnects in cathodes is known to 
severely degrade the durability and the efficiency of the SOFC. This high temperature degradation 
phenomenon is known as ‘chromium poisoning’.  
There are two major degradation problems associated with having metallic interconnects: (a) 
formation of Cr2O3(s) scale, and (b) vaporisation of volatile chromium-based species that are likely to 
react with the cathode material during the oxygen reduction process. The formation of the Cr2O3(s) 
scale layer was initially expected to prevent a rapid oxidation of interconnects by acting as a diffusion 
barrier [113]. However, a study showed that pre-oxidation of a chromium-containing metallic 
interconnect at 800°C for 2h does not have a significant influence on the amount of chromium 
deposition found on a cathode material [114].  
Early investigation revealed that re-deposition of Cr2O3(s) occurs at the cooler parts of various 
experiment set-ups [115]. Many researchers have attempted to explain the phenomenon as the small 
vapour pressure of Cr2O3(s) is not sufficient enough to account for the large quantities of deposits 
observed. In this chapter, key research findings and detailed discussions on the development of the 
interconnector, the chromium vaporisation, the chromium deposition, and the chromium degradation 
are shown.    
 
3.2 Development of SOFC interconnector material and Cr-poisoning 
 
The interconnector electronically connects the anode and the cathode and provides the physical 
support to the stack of a SOFC. Interconnect materials have to satisfy the criteria listed below [112]: 
• High density: to avoid the mixing of air and fuel 
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• High electronic conductivity 
• High creep resistance and low thermal expansion mismatch with other fuel cell components: to 
avoid a mechanical failure  
• High thermal conductivity: to enable uniform heat distribution in the stack (i.e. >     m      ) 
• High stability in both oxidising and reducing atmospheres 
• Phase stability during thermal cycling 
• Good mechanical support 
 
Acceptor-doped LaCr(x)O3 perovskite oxides were the first generation of materials used for the SOFC 
interconnects. LaCrO3 has high electronic conductivity and is compatible with SOFC electrodes [116]. 
However, LaCrO3 has many disadvantageous properties, such as low thermal conductivity 
(e.g.    m      ), high cost, uneasy machining, and poor sinterability, as an interconnector material 
[112, 117]. Thus, ferritic steels (i.e. 15 ~ 20 wt%Cr) containing Mn have been introduced as 
interconnect materials. Crofer22APU (Crofer22APU, TEC:              [118]) is a 
commercially available ferritic steel, which is frequently studied as an interconnect material. Ferritic 
steels form (Cr,Mn)-spinel layers in addition to chromia scale layers which have been found to give a 
smaller rise in ASR of interconnector than the chromia scale and limit the amount of chromium 
released. Nevertheless, some types of ferritic steel are less suitable as interconnect materials owing to 
high Si and Al contents [119]. 
The dominant growth step of the thermally-grown Cr2O3(s) based scale (TEC: ~         K
-1
 [118]) 
is the chromium outward diffusion step (away from an alloy). Chromium outward diffusion results in 
the formation of voids and cavities between the scale and a metal interconnect, leading to a poor scale 
adherence. Even though ferritic steel is widely accepted as interconnect materials in the SOFC, some 
ferritic steels are less suitable as interconnect materials owing to high Si and Al contents [119].  
Deposition of a layer of dense coating has been widely attempted to suppress chromium vaporisation. 
The main challenge for such a coating is to form a dense layer that has a long-life span. However, 
such dense coating layers have been reported to wear out over a relatively short operating time 
(15000h ~ 23000h) and significantly increase the ASR (e.g. a (Mn,Co)-dense coating layer: 
   ~     cm   at around 750°C) [120, 121]. Nevertheless, an addition of reactive elements, such as 
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La,Nd, and Y, to a dense coating is generally known to improve the adherence of the chromia scale 
with metal interconnects [122, 123]. 
 
3.3 Chromium vaporisation 
 
Chromium gaseous species have different vapour pressures over a Cr2O3(s) scale layer as a function 
of oxygen partial pressure. As the vapour pressure of the chromium-containing species increases, one 
can expect chromium vapour transport to be increased. The Gibb`s energy functions in equilibrium for 
the forward reaction from Cr2O3(s) to CrO2(OH)2(g) were reported to be       mol   and 
      mol   at 600˚C by Opila et al. [124] and Ebbinghaus et al. [125] respectively. The first related 
thermodynamic studies on volatile chromium-containing gases were carried out in the early 90s by 
Ebbinghaus et al. [125], who found that the hexavalent oxides, CrO3(g) and CrO2(OH)2(g), were the 
most volatile chromium-containing species. As shown in Figure 3.3.1, it has been agreed that 
CrO2(OH)2(g) is the predominant gaseous species between 700˚C and 1200˚C, although there are 
significant discrepancies in the thermodynamics data reported in the literature [126]. These large 
discrepancies can be attributed to the high sensitivity of the experiments; because the chromia scale is 
the source for vaporisation, thermodynamic data can be affected by small quantities of contaminants. 
Nevertheless, it has also been found that the roughness of the chromia scale can influence the 
vaporisation rate as a rough surface gives rise to a larger reaction surface area than a smooth surface 
does [127]. 
   
 
Figure 3.3.1 Vapour pressure of CrO2(OH)2(g) in equilibrium with Cr2O3(s) investigated by authors. 
Broken lines represent extrapolations of reported data [126] 
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As shown in Figure 3.3.1, Ebbinghaus et al. [125, 126] claimed that the change in the partial pressure 
of CrO2(OH)2(g) is less than one order of magnitude between 700°C and 1200°C, indicating a weak 
temperature dependency of the volatile chromium species. While the effect of temperature is 
relatively small, the effect of humidity has been reported to be relatively large [126]. According to 
Gindorf et al. [128], at 1223K, CrO2(OH)2(g) starts to become predominant in competition with 
CrO3(g) when P(H2O)＞         atm is reached. This study shows that although the two dominant 
gaseous species, CrO3(g) and CrO2(OH)2(g), can be produced from the chromia scale, the humidity in 
the surrounding atmosphere determines which of the vapours will be predominant as shown below:  
 
At low humidity, CrO3(g) is the most abundant chromium-containing species [126]: 
 
              Cr2O3(s) + 3/2O2(g) = 2CrO3(g)                  (3.1) 
 
At higher humidity, CrO2(OH)2(g) is the predominant chromium-containing species [126]: 
 
         Cr2O3(s) + 3/2O2(g) + 2H2O(g) = 2CrO2(OH)2(g)              (3.2) 
 
In addition, it has been claimed that the temperature dependency of CrO3(g) is greater than that of 
CrO2(OH)2(g), as shown in Figure 3.3.2. This implies that decreasing temperature will effectively 
reduce the partial pressure of CrO3(g), however, as the temperature dependency of the primary 
gaseous species, CrO2 (OH)2(g), is low, a reduction in humidity will be more effective for decreasing 
the vaporisation of CrO2(OH)2(g) [129]. 
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Figure 3.3.2 Partial pressures of CrO2(OH)2(g) in humidified air (3wt% H2O) and CrO3(g) in dry air 
over Cr2O3(s) at different temperatures (by Chen and Jiang et al.) [130]  
 
Gindorf and Hilpert et al. [131] also reported a study wherein the weak temperature dependency of 
chromium-containing vapour species was found: a reduction in temperature from 950°C to 800°C led 
to only a small degree of change in chromium vaporisation. 
 
3.4 Chromium deposition 
 
Chromium-containing deposits have been observed at the cathode sides in the SOFC. Chromium is 
known to be transported via vapour transport and surface diffusion [132]. In general, it has been 
assumed that the vapour transport and the surface diffusion reactions are dominated at the channels 
and the ribs of interconnect, respectively. However, there exits large disagreement regarding the 
dominant transport path [126, 133, 134]. Table 3.3.1 shows the chromium reaction products forming 
in different cathode materials.  
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Table 3.3.1 Lists of chromium reaction products found in different cathodes 
Cathode Cr reaction products 
LSM Cr2O3,(Cr,Mn)3O4 [112, 135], LaxSrx-1(Mn,Cr)O3 
[136], CrMn2O4 [136], Mn2O3 (Reducing condition) 
[135], Mn3O4 (Reducing condition) [135], MnCr2O4  
[137] 
LSCF Cr2O3 [138], SrCrO4 [138, 139], SrCr2O4 [140], 
CoCr2O4 [140], (Fe,Cr)2O3 [140] 
LSF SrFe12O19 [139], SrCrO4 [141] 
LSC SrCrO4 [141], CoCr2O4 [132] 
LNF Cr2O3 [142], LaNi0.59CrFe0.4O3, 
LaNi0.39Cr0.24Fe0.36O3, or LaNi0.17Cr0.54Fe0.28O3 [143] 
LNO LaCrO3, LaNiO3, NiO [144] 
LSM/YSZ Cr2O3, MnCrO3 [145] 
LSCF/CGO Cr2O3 with a phase (Fe,Sr) in composition [145] 
  
A high number of relevant published papers have used an A-site deficient LSM. This is due to the fact 
that increasing the A-site deficiency improves the interfacial contact between LSM and a YSZ 
electrolyte as no resistive phase (e.g. La2Zr2O7 [146]) forms at the LSM-YSZ interface in this way. In 
addition, it was proposed by Jiang et al. [132, 147] that deficiency in LSM may lead to an unique 
behaviour towards chromium deposition due to the increased ability of the A-site to accept the 
chromium species into the lattice.   
In Sr-containing MIEC-type cathodes, observations of large crystals of Sr-enriched chromium 
deposits on the top surfaces and smaller Cr2O3 crystals throughout the bulk of cathodes have been 
frequently reported. Using conventional material characterisation techniques, the large crystals have 
been identified as SrCrO4. Jiang et al. [138] reported that the Cr content in strontium chromate 
crystals that formed in LSCF under the channel of the interconnect was lower than those found under 
the rib of the interconnect. Nevertheless, in a LNF, a Sr-free MIEC-type cathode, Cr2O3 is known to 
be the only Cr-containing deposit when exposed to a chromium source. In addition, Jiang et al. [148] 
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reported that the amount of Cr2O3 that forms in LNF is significantly smaller than that in LSCF. 
Strodolny et al. [143] claimed that, according to their TEM-EDX results, it is likely that chromium 
becomes incorporated into the perovskite LNF forming LaNi0.59CrFe0.4O3, LaNi0.39Cr0.24Fe0.36O3, or 
LaNi0.17Cr0.54 Fe0.28O3, with the replacement of Ni by Cr being the highest near the edge of grains  
[143]. Based on this study, it can be suspected that the low chromium deposition in LNF reported in 
the literature may be due to the incorporation of Cr.  
Chromium deposition on composite cathodes were studied by Bentzen et al. [145]. In the case of 
LSM/YSZ composite cathodes, a high content of Mn was observed in the chromium deposits closer to 
the top surface of the cathode which was found to decrease as becoming closer to the electrolyte-
electrode interface. In the case of LSCF/CGO composite cathodes, chromium oxides found in some 
parts of the cathodes were found to contain Fe and Sr [145].  
The driving force for reduction of chromium vapour species has been proposed in terms of 
electrochemical reaction and chemical reaction. Below, the two possible driving forces for the 
chromium reduction are discussed.  
 
3.4.1 Electrochemical deposition  
 
Researchers who support the electrochemical reduction mechanism assert that polarisation is a major 
prerequisite for the formation of chromium deposition. Figure 3.4.1 illustrates the proposed 
electrochemical-driven reversible reaction for which the volatile chromium vapour species that 
originate from a scale layer of Cr2O3(s) diffuses through a cathode, followed by reduction of the 
vapour species back to Cr2O3(s) at the electrode-electrolyte interface. This mechanism was first 
proposed by Das et al. [149]. 
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Figure 3.4.1 A schematic drawing illustrating a possible chromium deposition process occurring in the 
LSM-YSZ system (by Matsuzaki et al.) [111] 
 
The electrochemical reduction of chromium vapour species can be expressed using the Kröger-Vink 
equation as shown below [126]:   
 
2CrO3(g) + 3    
  = Cr2O3(s) + 3   
 + 6h·                     (3.3) 
2CrO2(OH)2(g) + 3   
  = Cr2O3(s) + 2H2O + 3   
 + 6h·           (3.4) 
 
The electrochemical reduction mechanism is supported by the effects of current density and 
polarisation time on chromium deposition. Studies supporting the mechanism are discussed below. 
Taniguchi et al. [136] asserted that chromium deposition in LSM strongly depends on the oxygen 
potential gradient inside of the cathode which was submitted as supporting evidence for 
electrochemical reduction of chromium. They successfully supported this theory by showing the 
increase in the amount of chromium deposits as oxygen activity decreased as reaching the electrode-
electrolyte interface [136].  
Observation of chromium deposits under polarisation only were also submitted as another piece of 
supporting evidence [137, 148]. For example, Paulson and Birss et al. [150] reported finding of no 
chromium in an A-site non-stoichiometric LSM without polarisation under the same experimental 
conditions that produced a chromium band under polarisation.  
Changes in the amount of chromium deposition as a function of polarisation time were reported by 
many authors, further supporting the notion of an electrochemical mechanism. Jiang et al. [148], 
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Paulson and Birss et al. [150], and Konysheva et al. [119] reported an increased amount of chromium 
deposits accumulated in an A-site nonstoichiometric LSM with increasing polarisation time. 
A relationship between the current density and the concentration of chromium deposits in an A-site 
nonstoichiometric LSM (i.e. (La0 8Sr0.2)0.9MnO3) at 800˚C was explored by Krumpelt et al. [137], 
wherein a direct impact of the current density on the amount of chromium deposits was found. 
Nevertheless, the finding of an increased chromium deposition with increasing current density can be 
considered as supporting the electrochemical effect, however, since increasing the current density 
sometimes leads to an increase in the temperature of a sample, this found dependency cannot be fully 
attributed to the electrochemical effect. 
Additionally, a study reported that chromium deposition was highly concentrated at the TPB in A-site 
non-stoichiometric LSM when an experiment was carried out under polarisation, whereas randomly 
distributed deposits were found without polarisation under the same conditions, suggesting the 
distribution of chromium deposition may be affected by polarisation [119].  
 
3.4.2 Chemical deposition 
 
Some researchers have asserted that driving force for chromium reduction is intrinsically chemical, 
despite many papers support the electrochemical mechanisms, as discussed above. Jiang et al. [63, 
151] asserted that chromium deposition is not dominated by electrochemical reduction, but instead, is 
a kinetically-limited chemical process involving nucleation agents, which are produced under 
polarisation or at a high temperature.  
 
The proposed chemical reaction steps are shown below [63, 151]: 
 
Cr-N-Ox (nuclei) + CrO3 + Mn
2+
            (Cr,Mn)3O4         (3.5) 
Cr-N-Ox (nuclei) + CrO3 + SrO             SrCrO3            (3.6) 
 
According to a proposed model of A-site deficient LSM, as a A-site deficient LSM contains Mn with 
a valence number of +3.5 or +3, the product, Mn
2+
, which acts as a nucleating agent, is formed on the 
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top surface under polarisation. The nucleating agent then reacts with the chromium-containing gas to 
form (Cr-Mn-O) nuclei, which grows into (Cr,Mn)3O4(s) [126, 152].  
The chemical mechanism is supported by experimental observations displaying the formation of 
chromium deposition with little or no electrochemical effects as discussed below. 
The observation of no change in pattern of chromium deposition with and without a current has been 
reported which can be regarded as an indication of a negligible electrochemical effect on chromium 
deposition [135].  
In addition, the proposed chemical mechanism can be further supported by observations of decreased 
chromium depositions using different cathode materials, as shown in Figures 3.4.2 and 3.4.3. 
Apparently, it has been found that cathode materials with stronger chromium tolerances do not 
contain elements that are regarded as nucleating agents (e.g. Sr, Mn) in composition. For example, in 
a study by Jiang et al. [148], chromium depositions on LNF and LBCF were directly compared with 
those in LSM and LSCF, wherein Sr-free cathode materials, such as LNF and LBCF, were found to 
have few or no chromium depositions. This finding is in agreement with other papers claiming the 
stronger resistances of Sr-free cathodes against chromium poisoning [63, 142, 153]. Nevertheless, 
despite the small amount of Cr2O3(s) found in LNF, a thermodynamic calculation predicts that 
chromium can be largely substituted into the LNF lattice or form NiO precipitations at high 
temperatures or in a reducing atmosphere [63]. 
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Figure 3.4.2 SEM micrographs and EDS spectra of LSC (a-c) and LNF (d-f) (by Jiang et al) [63] 
 
Figure 3.4.3 SEM micrographs and EDS spectra of LSCF (a-c) and LBCF (d-f) (by Jiang et al.) [148] 
 
Additionally, Chen and Jiang et al. [129] compared the amount of chromium deposition between 
LSCF and La0.6Sr0.4-xBaxCo0.2Fe0.8O3 (LSBCF). They found that increasing the Ba content (i.e. 
decreasing the Sr content) decreases the amount of chromium deposits [130]. In line with this 
observation, Tucker et al. [154] found Cr2O3(s) precipitations present even on a bulk SrO and a SrO 
coating. They suggested that Cr-Sr-O nuclei are more actively formed than Cr-Mn-O nuclei, because 
Sr does not need to be ionised prior to forming the nuclei unlike Mn.  
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The notion of the chemical mechanism has also been supported by other researchers. Moreover, Lau 
et al. [133] carried out a solid state reaction experiment without polarisation using a so-called 
‘chromium-block experiment’. A chromium block in contact with LSCF under heating without 
polarisation introduced Sr into the chromium block. This observation demonstrates that the transport 
of Sr can be kinetically driven without any electrochemical driving force.  
 
3.4.3 Microstructures and compositions of chromium deposits 
 
The microstructure and the composition of the chromium deposits formed on a LSM film, which was 
coupled with YSZ electrolyte in the presence of a Fe-Cr alloy, under a constant current density of 
    m  cm   at 900˚C was investigated using a three-electrode set-up by Jiang et al. In the areas 
close to LSM, fine grains were found covering the whole surface of the YSZ electrolyte. However, 
larger grains of chromium were found to become dominant as the distance to LSM increased within 
the YSZ electrolyte. In addition, the ring patterns of chromium deposits, which were attributed to the 
fine grains of Cr2O3(s) filling the pores, were found together with (Cr,Mn)3O4(s) crystals. These ring 
patterns were clearly revealed when LSM was delaminated using a HCl treatment after the experiment 
[135, 152, 155]. Figure 3.4.4 shows chromium deposits found on the YSZ electrolyte close to the edge 
of a LSM cathode. 
 
       
Figure 3.4.4 SEM micrographs of the YSZ electrolyte surface close to the edge of a LSM electrode 
when polarised at    m  cm   and 900°C for 5min (left) and 4 h (right) (by Jiang et al.) [156]  
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Additionally, when the polarisation time increased up to 20h, the formation of a deposit band (i.e. 40 
~ 50µm wide), which consists of Cr2O3(s) near the edge of the YSZ-LSM interface and (Cr,Mn)3O4 
on YSZ away from the edge of the LSM, were found. 
Paulson and Birss et al. [150] also reported the formation of ring-shaped Cr2O3(s) in an A-site 
nonstoichiometric LSM at 800˚C using a similar three-electrode set-up as that of Jiang et al. The ring 
deposit patterns were also found within a green-coloured chromium band surrounding the LSM film 
on the top surface of YSZ electrolyte, as shown in Figure 3.4.5. Such a green coloured chromium 
oxide scale was also reported by Stanislowski et al. [127] to have presented on chromium-containing 
alloys. The width of the chromium deposition was found to be 500μm and to contain 8 deposit rings, 
which is equal in number to the number of times the cathodic biased switched between a constant bias 
of       and a potential cycle between       and     . Octahedral shaped (Cr,Mn)3O4(s) crystals 
were also found near the LSM film within the band. Based on the polarisation-dependent observation, 
Paulson and Birss proposed a role of Cr2O3(s) in assisting to enlarge the length of the TPB, as 
chromium deposition was found away from the TPB. However, it is worth noting that extending a 
TPB would improve the electrochemical performance of LSM. Thus, the proposition given in this 
study is not valid as many studies have clearly shown that the electrochemical performance of LSM 
decreases drastically along with chromium deposition.       
  
 
Figure 3.4.5 SEM images of the chromium band found by Paulson and Birss et al. [150] 
 
The formation of a similar chromium band was also observed by Tucker et al. [154], who found a 
band on an MnOx surface in contact with stainless steel after annealing for 150h at 800°C. Large 
crystals were observed inside the band and were suspected to be (Cr,Mn)3O4(s). However, as the band 
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was found without polarisation in the study, this finding again opposes the TPB-extension theory 
proposed by Paulson and Birss [150]. 
 
3.4.4 Distribution of chromium deposition 
 
It has been reported that the distribution pattern of chromium deposits vary depending on the type of 
cathode materials used. In the case of the electronic conducting (EC) cathodes, chromium deposition 
is observed only at the TPB or near the TPB. However, because the surfaces of the mixed ionic 
electronic conducting (MIEC) cathodes serve the electrochemical active sites throughout the bulk of 
the cathode as well as the TPB, chromium deposition is widely spread throughout the electrode [126, 
136, 138, 139].  
The distribution characteristics can be explained from the aspect of the valence stability of the B-site 
ions in the perovskite oxides which may lead to different characteristic features in the oxygen 
reduction process and chemical reactivity of cathodes [32, 151, 157].  
A significant number of published papers confirming the formation of concentrated chromium 
depositions found at the LSM-YSZ interface in LSM. However, there are relatively few papers 
investigating the patterns of chromium deposits in LSCF and composite cathodes. According to Jiang 
et al. [151, 152], chromium rings or bands were not found at the LSCF-CGO interface in LSCF under 
the same conditions in which they found chromium rings with LSM. Simner et al. [158] also reported 
chromium-containing precipitations located only on the top surface of LSCF when the experiment 
was carried out with a chromium-containing alloy under 0.7V for 72h in a symmetrical cell set-up. 
However, Popov et al. [139] observed an increase in the proportion of the chromium deposition at the 
LSCF-YSZ electrode-electrolyte interface when the experimental time increased to 400h using a 
similar experimental set-up as Jiang et al. [138]. This difference in the two observations can be 
attributed to the difference in the current passage time used [151, 152]. These studies confirm that the 
chromium deposition in MIEC-type cathodes is not initiated from the cathode-electrolyte interface.   
For composite cathode materials, such as LSM/YSZ and LSCF/CGO, it was observed that chromium 
deposits are spread over the entire surface as it was found for MIECs. However, chromium deposition 
was still more concentrated at the cathode-electrolyte interface in the LSM/YSZ composite cathode, 
whereas it was evenly distributed in the body of the LSCF/CGO composite cathode [145]. 
Additionally, different distributions of chromium deposition on LSCF/CGO and LSM/YSZ cathodes 
under the rib and the channel of an interconnect were observed: under the channel of an interconnect, 
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the deposition was not continuous, whereas highly concentrated deposition was found under the rib of 
an interconnect [134, 148]. 
 
3.4.6 Formation of SrCrO4 
 
SrCrO4(s) second phases were used to be found on the surface of Sr-doped ceramic-based 
interconnect that was sintered at ~ 1550˚C [117]. Though the problem associated with the interconnect 
was eliminated now that metal interconnects are being used, SrCrO4(s) forming in Sr-doped cathodes 
remains problematic as it can significantly reduce gas permeability of cathodes [141]. The formation 
of SrCrO4(s) is generally known to originate from the surface reaction between Sr-doped cathodes and 
Cr2O3(s) [139, 147]. As the crystal size of SrCrO4(s) is much larger than those of Cr2O3(s) crystals and 
cathodes, the degradation caused by SrCrO4(s) is likely to be significant [132]. 
In Sr-containing MIEC-type cathodes, observation of large crystals of Sr-enriched chromium deposits 
on the top surfaces together with the formation of smaller Cr2O3 crystals throughout the bulk of 
cathodes have been frequently reported. Using conventional material characterisation techniques, the 
large crystals have been identified as SrCrO4. Jiang et al. [138] reported that the content of Cr in 
strontium chromate crystals that formed in LSCF under the channel of interconnect is lower than 
those found under the rib of interconnect. Nonetheless, it is still generally understood that the 
formation of SrCrO4(s) is not likely to occur in LSM, even though such a vague conjecture has been 
made by Schuler et al. [159]. 
In a LNF, a Sr-free MIEC-type cathode, Cr2O3 is known to be the only Cr-containing deposit when 
exposed to a chromium source which suggests that using Sr-free cathodes may prevent a drastic 
performance degradation caused by chromium. In addition, Jiang et al. [148] reported that the amount 
of Cr2O3 that forms in LNF is significantly smaller than that in LSCF.  
According to reported thermodynamic data, considering the reaction between LSM and CrO3(g), it 
was shown that, theoretically, when compared to other lanthanum transition metal perovskites, 
LaCrO3(s) solid solution is the most stable due to the large enthalpy of the formation of the compound 
[147]. Thus, LaCrO3(s) is appealing as a coating option for preventing generations of CrO2(OH)2(g) 
from the surface of metallic interconnect. Nevertheless, the formation of LaCrO3(s) in cathodes has 
been rarely reported in the literature [160], whereas the formation of SrCrO4(s) precipitation has been 
frequently reported. This is because the formation of SrCrO4(s) is more favoured at lower 
temperatures and in an oxidising atmosphere as SrCrO4(s) is more easily oxidised than is LaCrO3(s) 
91 
[147]. In particular, the formation of SrCrO4(s) in LSCF has been widely reported, together with LSF 
and LSC [139]. A study by Jiang et al. [152] showed that the formation of large SrCrO4(s) crystals 
was highly pronounced in A-site deficient LSCF (i.e. La0.58Sr0.4Co0.2Fe0.8O3) when the experiment was 
carried out in the presence of a Cr-containing alloy under a current density of       cm   at 800˚C 
for 393h in both symmetrical and three-electrode set-ups. However, no SrCrO4(s) was formed in an 
A-site nonstoichiometric LSM under the same experimental condition.  
Regarding the formation of SrCrO4(s), some researchers have suggested that the resulting partial 
decomposition of cathode materials may have a greater effect on degradation than the direct 
performance caused by such deposits. For example, Konysheva et al. [119] suggested that chromium 
poisoning can be caused by both blocking the pores via a reduction of gaseous chromium species and 
decomposition of cathodes. Furthermore, the researchers suggested that the formation of SrCrO4(s) is 
governed by thermodynamics without any influence of electrical potential [119]. 
 
 
Figure 3.4.6 A SEM image of SrCrO4 deposited in LSCF by Konysheva et al. [119] 
 
Min et al.[161] carried out a solid-state reaction between Cr2O3 and a LSCF/SDC composite cathode, 
(mixed at a 1:1 weight ratio) using a symmetrical cell. The composite cathode was tested with a SDC 
electrolyte for 1500h under a constant current of 0.5  cm   at 600˚C and 700˚C. SrCrO4(s) was 
found at temperatures as low as 600˚C and 700˚C on the top surface of the cathode. This observation 
indicates that LSCF might also suffer from the formation of SrCrO4(s) even in the IT-SOFC. Figure 
3.4.7 is the XRD pattern of the LSCF/SDC cathode surface prior to and following the cell testing. 
When the SrCrO4(s) layer was wiped with an ethanol-soaked towel once and then twice, the 
intensities of the XRD peaks, which correspond to the SrCrO4(s) phase, were dramatically decreased 
and eventually dissapeared, implying that the layer of SrCrO4(s) formed was very thin. 
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Figure 3.4.7 XRD patterns of LSCF cathode surface (a) before testing, (b) after two wiping, (c) after a 
wiping, (d) after 1500h of testing (where *- SrCrO4 phase) (by Min et al.) [161] 
 
3.4.5 Factors affecting chromium deposition 
 
3.4.5.1 Temperature 
 
Temperature has been considered as an important factor for chromium deposition as well as for 
volatilisation of chromium vapour species. Jiang et al. [156] investigated the effect of chromium on an 
A-site nonstoichiometric LSM (i.e. La0.72Sr0.18MnO3), which was coupled with a YSZ electrolyte in 
the presence of a Cr-Fe alloy and tested under a constant current of 200mA cm
−2
 for 20h, wherein an 
increase in the amount of the chromium deposits was observed as temperature was increased from 
700˚C to 800˚C, as shown in Figure 3.4.8. 
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Figure 3.4.8. SEM images of chromium deposition on a LSM electrode under the rib of the Fe-Cr 
interconnect after cathodic current passage at 200mA cm
-2
 for 20h at 700°C (left) and 800°C (right) 
(by Jiang et al.) [156]  
 
   
Figure 3.4.9 SEM images of a LSCF electrode surface under the rib of a Fe-Cr alloy after cathodic 
current passage of 200mA cm
-2
 at 900°C for 20h (left) and at 800°C for 40h (right) (by Jiang et al.) 
[138] 
 
As shown in Figure 3.4.9, the amount of chromium deposits in LSCF also readily increased as the 
temperature increased from 800°C to 900°C in spite of the reduced time under current. This finding 
indicates that, with respect to the amount of the chromium deposits, temperature is more influential 
than electrochemical factors. It can be therefore concluded that the formation of chromium deposits is 
thermally activated. However, the observation of such a large temperature dependency of chromium 
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deposition cannot be ascribed to an increased chromium vapour transport rate [138]. This is because, 
as discussed in the section on ‘chromium vaporisation’, the vapour pressure of the predominant 
chromium species has a relatively weak temperature dependency. Therefore, the greater amounts of 
chromium deposits found at higher temperatures can be explained by other factors, such as the 
thermally activated growth of nuclei and diffusivity of cations, which act as nucleation sites, 
(assuming it is the chemical deposition) [148] or amorphous Cr2O3(s) growing in the form of crystals 
(assuming it is the electrochemical deposition) [150]. 
Konysheva et al.[119] reported a temperature dependency of the distribution of chromium deposits 
found in an A-site nonstoichiometric LSM by conducting an experiment using Cr2O3(s) tablets under 
a constant current density of      cm   in air. In this study, a higher portion of chromium deposition 
was found to be displaced to the electrode-electrolyte interface at a lower temperature of 850°C, 
compared to those at higher temperatures of 900°C, 1000°C, and 1100˚C, although the total 
chromium deposition was found to be lower at higher temperatures. 
 
3.4.5.2 Humidity 
 
Humidity affects chromium deposition as well as chromium vaporisation. Increasing water content is 
generally known to enhance the growth rate and the electrical resistance of the chromia scale [162]. 
The only beneficial effect of water that has been reported is its ability to reduce the porosity at the 
alloy-scale interface which will improve the adherence of the scale during thermal cycling [118]. 
Chen et al.[130] investigated the amount of chromium deposits as a function of humidity, wherein a 
greater chromium deposition was observed in humidified air. Figure 3.5.1 shows chromium deposits 
formed on the YSZ surface, which was in contact with an A-site nonstoichiometric LSM and a Cr-
containing alloy in a three-electrode set-up, in both dry and humidified air (3wt% H2O). The EDS 
analysis results shown in Figure 3.5.1 demonstrate that the Cr concentration relative to Zr in Cr-
containing deposits readily increased in humidified air in comparison to the results found with dry air. 
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Figure 3.5.1 SEM micrographs of the electrolyte surface in contact with an LSM electrode particles 
under the channel of an interconnect after 1200min at 200mA cm
-2
 and 900°C in dry air (left) and 
humidified air (3wt% H2O) (right). The corresponding EDS analyses of the deposits are also shown 
(by Chen at al.) [130]  
 
Schuler et al. [163] carried out a stack test to evaluate the effect of chromium in LSCF under practical 
conditions whereby it was shown that the high humidity dependency of chromium deposition persists 
even in a stack testing. After 1000h, the concentration of chromium deposits was found to be the 
highest at the sealing-proximal region, as demonstrated in Figure 3.5.2. In this study, the authors 
found a direct correlation between the sealing tightness and the amount of the chromium deposits, and 
hence, the aggravated formation of chromium deposits near the air-inlet was ascribed to the higher 
local partial pressure of water caused by an imperfect gas sealing. 
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Figure 3.5.2 Diagrams showing preferential chromium deposition near the air-inlet: (a) the amount of 
Cr detected from LSCF surface region by EDS, (b) a modelled diagram showing the highest 
chromium concentration near the air-inlet of the stack (by Schuler et al.) [163] 
 
3.5 Chromium degradation 
 
Degradation of cathodes without chromium contamination originates from changes in surface 
exchange and diffusion kinetics caused by microstructural / compositional changes [122]. Thus, 
although ‘chromium poisoning’ is generally known to accelerate the performance degradation of 
cathodes, high degrees of chromium deposition / vaporisation cannot be interpreted as causing the 
total degradation of cathode performance, as the total cathode degradation also depends on the other 
factors, such as operating conditions. Furthermore, it should be noted that the exact contributions of 
chromium evaporation and chromium deposition to resulting chromium degradation are not exactly 
known. For example, a published paper reported that the degree of cell degradation was not directly 
related to the amount of chromium vaporisation, but to the amount of chromium deposits [119]. In 
contrast, another paper reported that the cell performance was highly affected by increasing total 
vapour pressure of a chromium-containing gas [136]. Hence, it is important to view each step of 
chromium degradation separately, as discussed in this chapter. Below, chromium degradation is 
discussed in terms of electrochemical performance degradation and oxygen transport performance 
degradation.    
The electrochemical degradation of cathodes by chromium poisoning is partly due to the formation of 
chromium deposits on the top of electrodes which blocks the path (i.e. pores) for oxygen transport 
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[63]. Additionally, blockage of the electrochemical active sites by chromium deposits results in a 
decreased electrochemical performance of a cathode.   
 
 
Figure 3.5.3 Inhibition of oxygen incorporation by the triple phase boundary (TPB mechanism) with 
the pore blockage by insulating phases (by Backhaus-Ricoult et al.) [164] 
 
The electrochemical deposition theory additionally suggests that, in the case of the EC-type cathode 
materials, the cathode degradation has a contribution from the competition between the oxygen 
incorporation reaction in the cathode and the electrochemical reduction of chromium species from 
Cr
6+
 to Cr
3+
, as demonstrated in Figure 3.5.3. The thermodynamic compatibility between the oxygen 
reduction reaction (ΔG =    k  mol  ) and the chromium reduction reactions 
(          k  mol   (i.e. for CrO2(OH)2),          k  mol   (i.e. for CrO3)) under an 
equilibrium cell voltage of 0.89V was studied by Hilpert et al. [116]. The results prove that the 
competition theory is feasible. Nevertheless, if one assumes chromium vapour transport is directly 
related to chromium poisoning, the competition theory might be rejected, because, theoretically, the 
electrochemical reduction of chromium-containing vapours cannot occur due to their relatively low 
vapour pressures. However, in reality, cathodes suffer from polarisations, and hence, the 
electrochemical incorporation of chromium is still possible by sites at a relatively low oxygen 
potential [136].  
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3.5.1 Observations of cathode degradation 
 
3.5.1.1 Increases in cathode overpotential (η) 
 
The degradation behaviour could be used to explain the nature of the chromium deposition 
mechanism. For example, Krumpelt et al.[137] observed degradation of an A-site nonstoichiometric 
LSM, that was coupled with a LSM/YSZ coatings in the presence of stainless steel at 800˚C: 
Chromium degradation was initially potentially controlled (< 100h) and then showed a steady-state 
voltage decay. The author asserted that this is a typical electrochemical behaviour for species (e.g. 
CrO2(OH)2) at a low concentration [137]. This voltage decay characteristic has also been observed 
from both LSM and LSCF under exposure to chromium by other researchers [138, 142, 165].  
Badwal et al. [112], Taniguchi et al. [136], and Komatsu et al. [142] investigated changes in the 
overpotential of LSM as functions of polarisation time and current density in the absence of 
chromium sources. In these studies, stronger influences of polarisation time and current density on the 
overpotential in the presence of a chromium source were also demonstrated. For example, it was 
found that the effect of current passage time on degradation of LSM is relatively small in the absence 
of a chromium source in comparison with that in the presence of a chromium source, indicating a 
significant impact of chromium poisoning [112]. However, this proclivity was found to be less in 
LSCF [63, 142], LNF [63, 153], and composite cathodes [145]. For example, in the presence of a 
chromium source, negligible changes in overpotential of LSM/YSZ and LSCF/CGO composite 
cathodes were found as current density was varied between      cm   and      cm   [145]. The 
different dependencies of current density reported in the literature can be ascribed to differences in the 
distribution of chromium deposits found in different cathode types. For example, the widely 
distributed chromium precipitations found in composite cathodes leads to a lower local chromium 
concentration in the electrochemically active sites, giving rise to a lower degree of cathode 
degradation [126]. 
   
3.5.1.2 Electrochemical Impedance Spectroscopy: Increase in resistance  
 
Electrochemical Impedance Spectroscopy (EIS) is one of the most widely used techniques for 
analysing cathode degradation. Mazusaki and Yasuda [111] analysed the chromium degradation in 
99 
LSM by impedance spectroscopy as shown in Figure 3.5.4. They found that the increase in total 
resistance by chromium contamination is due to increases in both charge-transfer and surface 
diffusion resistances while the ohmic resistance stayed almost constant. 
 
Figure 3.5.4 Complex impedance spectra of LSM, which was in contact with metal alloy current 
collectors, measured under polarisation at a current density of 0.3  cm   with the alloy for current 
collector (by Mazusaki and Yasuda et al.) [111]  
 
Badwal et al. [112] also investigated the effect of chromium poisoning on LSM coupled with a YSZ 
electrolyte in the presence of a Cr5Fe1Y2O3-interconnect plate by impedance spectroscopy. They 
observed that the electrode arcs grew larger with increasing time under chromium exposure which 
infers to an increasing cathode resistance. Zhen et al. [63] studied changes in the high frequency 
impedance arc (i.e. charge transfer response) and the low frequency impedance arc (i.e. surface 
diffusion response) obtained from LSM in the absence and the presence of a metal alloy. The 
activation energy associated with the low frequency arc readily increased as increasing time in the 
presence of a chromium-containing alloy compared to that found in the absence of alloy, whereas the 
activation energy associated with the high frequency arc did not show a significant difference. The 
researchers concluded the increases in the polarisation resistance of LSM could be mostly attributed 
to the delayed oxygen diffusion process on the surface of the electrode by blockage of chromium 
deposition on the surface of the YSZ electrolyte. Lee et al. [166] showed that an addition of 1%Cr 
increases total polarisation resistance of LSCF from 0.01Ω cm2 to 1.89Ω cm2 at 800°C which suggests 
that electrochemical performance of LSCF is also readily degraded by chromium poisoning.      
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As discussed above, increases in the size of impedance arcs are commonly observed when chromium 
degradation increases. However, exceptional impedance behaviour of LSM in the presence of a 
chromium source has been reported. Jiang et al. and Mazusaki et al. [63, 111] reported changes in 
impedance spectra observed at open circuits were adversarial to the changes in overpotential as a 
function of current passage time observed under polarisation in the presence of a chromium-
containing alloy: The size of impedance responses was reduced with increasing current passage time 
at OCV whereas the overpotential increased with an increase in current passage time. The size 
reduction in impedance arcs with increasing current passage time without chromium contamination 
was also previously observed which was attributed to the high activation effect introduced on the 
surface of electrodes [35, 151, 167]. Although the OCV experiment results did not agree with the 
overpotential behaviour measured as a function of current passage time, the DC impedance results 
showed agreement with the change in overpotential [111, 168].  
In contrast to LSM, when LSCF was tested at OCV under the same experimental conditions as used in 
the OCV experiments for LSM, the impedance arcs increased with increasing current passage time, 
thereby agreeing with the observed changes in overpotential [138]. However, a partial recovery of the 
performance loss in LSCF was also reported as it was with LSM, which was attributed to the removal 
or incorporation of the abundant second phase (i.e. SrO(s)) on the surface of LSCF [138]. However, 
the ability of recovery disappeared after LSCF was exposed to a chromium source. 
 
3.5.1.3 Changes in diffusion coefficient and surface exchange coefficient  
 
While EIS is a technique based on the movement of electrons, Secondary Ionic Mass Spectrometry 
(SIMS) can be used to study the literal mass transport, the rate of which is represented by parameters, 
such as the bulk diffusion coefficient (D) and the surface exchange coefficient (k). Investigations of 
the diffusivity and the surface reaction rate can inform us of the contribution of the bulk of a cathode 
to the overall electrode kinetics. Thus, the effect of chromium can also be studied by observing the 
changes in the values of D and k. 
The tracer oxygen bulk diffusion coefficients (D*) or the tracer surface exchange coefficients (k*) of 
LSCF at various temperatures were reported by Benson et al. [169]. In comparison to D* of LSCF, 
which has an order of     cm  s   at 800˚C, LSM has a lower D*, which has an order of 
     cm  s   at 800˚C. The low value of D* suggests that the long-range bulk oxygen diffusion in 
LSM cannot play a significant role in contributing to the cathode performance. Hence, chromium 
degradation study of LSM would not require an investigation of the effect of chromium on D and k. 
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Nevertheless, the oxygen surface exchange activities of LSCF would be significantly suppressed as 
the poor oxygen transport properties of Cr-containing deposits constrain the oxygen gas supply to the 
surfaces of cathode materials, degrading the overall cathodic performance. The oxygen diffusivity for 
Cr2O3(s) is in the order of       ~      m  s   at 900˚C which suggests that Cr2O3(s) would act as 
an oxygen diffusion barrier. The oxygen diffusivity of MnCr2O4(s) has an order of      m  s   at 
800˚C, similar to that of Cr2O3(s) [113].  
Finsterbusch et al. [170] attempted to measure the change in the oxygen surface reaction rate and the 
bulk oxygen diffusivity of LSCF with and without a thin layer of Cr2O3(s). In Figure 3.5.6, the results 
obtained in this study are shown wherein a change in the surface reaction rate of LSCF is presented as 
a function of thickness of the Cr2O3(s) layer. The reduction in the surface reaction rate shown in 
Figure 3.5.5 represents a reduced oxygen uptake from both of the LSCF-Cr2O3 and the Cr2O3-air 
interfaces. According to the results, the change in the surface reaction rate reaches a plateau region at 
12nm in thickness of the dense Cr2O3 layer. Additionally, the study also demonstrated that the oxygen 
diffusivity remained constant as expected, as shown in Figure 3.5.6., as the diffusivity represents the 
bulk property of LSCF.  
 
 
Figure 3.5.5 k* values for LSCF as a function of Cr2O3 overlayer thickness (by Finsterbusch et al.)  
[170] 
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Figure 3.5.6 D* values for LSCF as a function of Cr2O3 overlayer thickness (By Finsterbusch et al.) 
[170] 
 
3.5.2 Factors affecting the chromium degradation 
 
3.5.2.1 Temperature 
 
As both chromium vapour transportation and chromium deposition are temperature-dependent, it is 
rational to assume that chromium poisoning would increase with increasing temperature.  
Jiang et al. [165] observed a gradual increase in the overpotential of LSM with decreasing 
temperature after testing for 240min at 200m  cm   in the presence of a chromium-containing alloy: 
613mV, 685mV, and 785mV, at 700˚C, 800˚C, and 900˚C, respectively.  
Some unexpected temperature dependencies of chromium degradation have been reported [137, 171-
173]. Krumpelt et al. [137] reported that the chromium degradation rate of LSM increased as 
temperature was decreased from 800˚C to 700˚C while a cell was tested under a constant current of 
   m  cm  . Kaun et al. [171] also reported an increased chromium degradation rate of cathode 
materials by a factor of three, as temperature was decreased from 800˚C to 700˚C. These observations 
can be explained by considering the low temperature dependency of CrO2(OH)2(g), as was done for 
chromium deposition. Nevertheless, the rate change caused by this small temperature change is 
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insufficient to account for the temperature dependency of chromium degradation, as other external 
factors can become detrimental in the degradation process [126]. For example, Bentzen et al. [145] 
found an increase in polarisation resistance of LSM/YSZ composite cathodes using a three-electrode 
measurement set-up as temperature was increased from 750˚C to 850˚C, in humidified air (∼2.6% 
H2O), however, in dry air (∼0.12% H2O), the reverse was observed [145].  
 
3.5.2.2 Humidity 
 
It is generally known that increasing water content in air increases the degree of chromium poisoning. 
Jiang et al. [130] showed that performance degradation of LSM is not largely dependent on the water 
content in the surrounding atmosphere in the absence of interconnect materials. However, as the 
boosting effect of water in chromium poisoning is still largely accepted, the overall cathode 
degradation accelerated by increasing water content is expected to be significant when using 
atmospheric air directly for operating SOFCs having metallic interconnectors. Figure 3.5.7 shows how 
water content influenced electrode performance of LSM with and without a chromium source, where 
it is demonstrated that, in the absence of a metallic interconnect, the difference in electrochemical 
performance made between using humidified air (3wt% H2O) and using dry air was negligible. On the 
other hand, it seems to be that electrochemical performance of LSM showed a strong humidity 
dependency in the presence of a metallic interconnect. This strong humidity-dependency can be 
concatenated to an aggravated volatilisation of the predominant chromium gaseous species, 
CrO2(OH)2(g), in humid air.  
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Figure 3.5.7 Plots of overpotential and RE for the O2 reduction reaction in LSM as a function of  
current passage time at    m  cm   and 900°C in both dry and humidified air (3wt% H2O) (a) in 
the absence of a Fe-Cr alloy and (b) in the presence of a Fe-Cr alloy (by Jiang et al.) [130] 
 
Bucher et al. [174] studied the relationship between the oxygen surface exchange activity degradation 
of La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF) and La0.6Sr0.4CoO3-δ (LSC) by chromium poisoning and the 
humidity of the surrounding atmosphere whereby the effect of chromium on the chemical surface 
exchange coefficients (kchem) of both materials was found to be more pronounced in humid air. 
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Figure 3.5.8 Chemical surface exchange coefficients of oxygen for La0.58Sr0.4Co0.2Fe0.8O 3−δ and 
La0.6Sr0.4CoO3−δ at 600◦C as a function of time in both dry air and humid air (30% relative humidity at 
25°C) (by Bucher et al.) [174]  
 
According to the results shown in Figure 3.5.8, the effect of humidity on chromium degradation of Sr-
containing MIEC-type cathodes is significant as well. However, LNF presented a stable performance 
against chromium poisoning even in humidified air. Komatsu et al. [142] studied electrochemical 
performance of LaNi0.6Fe0.4O3 (LNF) under a constant current of      cm   in the presence of a 
chromium-containing alloy wherein no significant change in performance was found between in 
humidified air (P(H2O) = 0.04atm) and dry air. This small humidity dependency can be attributed to 
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the ability of LNF to tolerate chromium poisoning even when the vapour pressure of the chromium 
species was increased.  
 
3.6 Conclusion 
 
The proposed mechanisms for chromium poisoning have not been agreed upon. However, it can be 
concluded that the electrochemical influence on chromium deposition is established even for the 
chemical model, because it has been suggested that the nucleating agents form under polarisation. 
However, chromium deposition has been observed without polarisation, suggesting that the 
spontaneous chemical reduction of chromium vapours is also possible. Hence, it can be proposed that 
the chemical reduction of chromium-containing vapours is predominant where the electrochemical 
factors also facilitate the reduction process as well as degradation of cathodes. Recently, A study 
found precipitations of MnCr2O4(s) and Cr2O3(s) in LSM whereby it was proposed that the chemically 
decomposed MnO(s) reacts with the electrochemically reduced Cr2O3(s) to form MnCr2O4(s), 
claiming that independent chemical and electrochemical reactions occurred for the particular 
deposition [137]. This suggests that chemical and electrochemical factors can act in parallel in the 
chromium deposition process.  
Many studies on chromium poisoning have been carried out at > 800˚C, although the target 
temperature for the IT-SOFC with stainless interconnects is below 750˚C. The purpose of the 
experiments conducted at excessively high temperatures is to deliberately accelerate chromium 
contamination under experimental conditions. Hence, the assumptions made based on the results 
obtained at high temperatures may lead to inaccurate estimations for the actual conditions in the 
SOFC. Also, the literature review tells us that the influence of humidity on chromium degradation is 
higher than that of temperature. Accordingly, it leads us to a conclusion that using dry air in a SOFC 
would effectively reduce chromium degradation.   
It has been frequently reported that the MIEC-type cathodes, such as (La,Sr)(Co,Fe)O3
 
(LSCF), 
(La,Ba)(Co,Fe)O3 (LBCF), and LaNi(Fe)O3 (LNF) are more tolerant against chromium poisoning 
compared to the EC-type cathodes mostly due to their larger electrochemical active areas. Therefore, 
an increasing number of studies are being carried out to investigate the effect of chromium poisoning 
in the MIEC-type cathodes. Nevertheless, the number of studies which has reported the effect of 
chromium poisoning on LSM is still larger. 
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By summarising the relevant studies, the author`s attention has been drawn especially to the lack of 
studies investigating the effect of chromium poisoning in terms of the oxygen diffusivity and surface 
exchange reaction. Moreover, it can be learnt that, in the literature, chromium deposition has been 
quantified as a fraction of the chromium deposited to the cathode surface area. Since this generalised 
quantification could prevent us from finding a precise relationship between the amount of chromium 
and the resulting chromium degradation, it would be particularly useful to add known amounts of 
chromium to the cathode and observe chromium degradation behaviour. 
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 Chapter 4. Technical background 
 
4.1 Electrochemical performance measurement 
 
The temperature-dependent electrochemical performances of various symmetrical single cell samples 
were analysed using the AC impedance spectroscopy technique. In the study, the ProboStat
TM 
rig was 
used which was connected to the Modulab FRA and a PC having Modulab software. Figure 4.1.1 
shows images of the Probostat
TM
 rig used in this work.  
 
                                     
Figure 4.1.1 Images of the Probostat
TM
 impedance rig (left) and the Probostat
TM
 impedance rig being 
positioned in a vertical furnace (right)  
 
 
 
 
 
Sample 
Spring force Spring force 
<Inside of the tube> 
 
109 
4.1.1 Introduction to AC impedance spectroscopy 
 
Impedance is a measure of a frequency-dependent resistance that is not always limited by Ohm´s law. 
 
Hence, impedance (Z(w)) is defined as: 
 
                                                                             (4.1) 
                          where ω is angular frequency 
 
AC impedance spectroscopy is widely recognised as a powerful tool for analysing electrochemical 
cell performances by giving individual losses including charge transfer, mass transfer, and electrolyte 
resistance. AC impedance spectroscopy is particularly useful for an electrochemical cell degradation 
study as we can analyse how much each process contributes to the total degradation in relation to 
different experimental variables, such as temperature and oxygen partial pressure.     
For stimulating an AC current response, we apply a sinusoidal voltage,                   , 
which excites a LTI (Linear Time-Invariant) circuit system. When this oscillating voltage is applied 
over a wide range of frequency, we can get an AC current response,                   , that is 
of the same frequency as the applied voltage, as schematically illustrated in Figure 4.1.1. Then, the 
voltage and the current can be converted from a time domain to a complex domain,       
              and                     respectively, where                and 
                [102].   
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Hence, complex impedance (      ) can be expressed as [102]: 
 
                    
     
     
    
 
 
                                    (4.2) 
                 where       (  is phase difference) 
 
                                                                         (4.3) 
 
 
Figure 4.1.2 A schematic diagram showing a sinusoidal perturbation voltage and the corresponding 
current response (Φ represents a phase difference) [175] 
 
The Nyquist plot consists of Z´ (real impedance) on the x-axis and Z´´ (imaginary impedance) on the 
y-axis, as shown in Figure 4.1.2. Z´ is called resistance, whereas Z´´ is called reactance. When a 
perturbation signal is imposed on an electrochemical cell (e.g. SOFC button cell), the output signal 
gives a series of characteristic impedance results of                 (where j = √-1) in the 
Nyquist plot. However, not all impedance responses become visible simultaneously in the limit of 
frequency. 
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The Nyquist plot is the most popular impedance plot type because the extraction of Z´and Z´´, and the 
application of equivalent circuit modelling (ECM) can be conveniently done using this plot type. 
However, since the frequency domain is not visible in the Nyquist plot, it is not ideal for studying 
frequency-dependent behaviours.   
 
 
Figure 4.1.3 A schematic Nyquist-type plot showing impedance of Z plotted (Φ represents a phase 
difference and     √   
         
    ) [176] 
AC impedance responses are separated according to different time constants associated with the 
responses. This concept of different time constant arises in AC impedance spectroscopy because each 
type of dipoles attempts to reorient from its disoriented status caused by an applied alternating 
(oscillating) voltage, which changes in direction with time. The minimum reorientation time for each 
dipole type differs depending on the ease for each dipole type to re-align, and this characteristic 
relaxation time is translated to a characteristic frequency (relaxation frequency) of an alternating 
current, as frequency is the reciprocal of time. When the frequency of an applied voltage exceeds the 
characteristic relaxation frequency for each response, the characteristic dielectric constant for each 
dipole species becomes zero. This explains what the characteristic frequency for an impedance 
response symbolises in general and how different responses are separated from each other. Equation 
4.1.4 ~ Equation 4.1.6 shown below refer to this fundamental mechanism of electrochemical 
impedance spectroscopy. 
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The angular characteristic frequency ( ) is given by [177]: 
 
                                     
  
 
                              (4.4) 
 
The characteristic relaxation time (τ) is given by: 
 
                                                                                                        (4.5) 
where R is resistance, C is capacitance, τ is characteristic relaxation time 
 
The dielectric capacitance (C) is given by: 
                                                                                            
                                                                         
      
 
                                                                   (4.6) 
where    is permittivity of free space (            
     m  ), εr is relative permittivity of the 
sample for a simple bulk dielectric, A is area of two conducting plates, L is separation between two 
conducting plates  
 
By realising the underlying mechanism of AC impedance spectroscopy, as explained above, we can 
understand why an induced current response to an applied alternating AC voltage can be obtained 
without actually passing a direct current through a sample. However, a downside for using an open 
circuit condition for SOFC cell measurements is that the results can not fully reflect the biased 
condition of the working SOFC [108].   
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4.1.2 Equivalent circuit modelling (ECM) 
 
Equivalent circuit modelling (ECM) is the most widely used tool for modelling AC impedance spectra. 
In ECM, simple circuits are constructed to simulate each of discrete impedance responses which can 
help to rationalise experimental results. Despite the ease of the ECM approach, this approach requires 
a good prior knowledge on the number of involving processes for successful modelling.        
ECM consists of two circuit element groups: frequency-dependent and lumped elements. The 
frequency-dependent elements include the Warburg element (W), the constant phase element (CPE), 
and the bounded Warburg element (BW). The lumped elements include the resistor (R), the capacitor 
(C), and the inductor (L).  
 
These circuit elements are introduced below [102, 178, 179, 180, 181]: 
 
(1) Resistor (R) 
 
When resistors are connected in series, the total resistance (impedance) is Rtotal = R1 + R2 +… Rn (Ztotal 
= Z1 + Z2 +… Zn), and when they are connected in parallel, the total resistance (impedance) is  
 
      
 
 
  
 
 
  
  
 
  
  (
 
      
 
 
  
 
 
  
 
 
  
). 
 
(2) Capacitor (C) 
 
A capacitor is a circuit element that stores electrical energy as electrical charges. At high potentials, 
more charge can be stored. When an alternating voltage is applied to a capacitor, a current that has a 
phase difference of 90° (i.e. Ф = 90°) will flow to and from it. This is the reason why a capacitor 
contributes only to the imaginary part of the impedance plot.  
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The reactance of a capacitor (     is given as: 
 
                             
 
  
   
 
   
                             (4.7) 
where ω is angular frequency, C is capacitance 
 
(3) Inductor (L) 
 
Another component that often contributes to the reactance is an inductor. An inductor is regarded as 
an ideal conductor that opposes changes in voltage by electromagnetic effects. When an alternating 
voltage flows through an inductor, the current is 90° ahead of the voltage. The frequency dependency 
of the impedance of an inductance is the inverse to that of a capacitance.  
 
The reactance of an inductor is given by: 
 
                                                                    (4.8) 
                   where ω is angular frequency, L is inductance 
 
 (4)  Constant phase element (CPE) 
 
Constant phase element can replace the capacitor element in an equivalent circuit. The replacement by 
the CPE element frequently occurs when modelling responses arising from SOFC electrodes. A pure 
capacitor element can be used only when the electrode has a perfectly smooth surface. Otherwise, the 
CPE element is used to account for the rough and porous surface of electrodes.   
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A CPE´s impedance is mathematically given by: 
 
                 
                                 (4.9) 
where q is admittance, ω is angular frequency, n is a number between 0 and 1 
 
The degree of deviation of an impedance arc from its ideal shape changes with the frequency 
independent value, n [177]. 
 
(5) Warburg element (W) and bounded Warburg element (BW) 
 
Diffusions over a finite/an infinite length are widely modelled using the bounded Warburg / Warburg 
impedance elements.  
 
The equation for the Warburg impedance (        is shown below [180]: 
  
                          
                                  (4.10) 
where ω is angular frequency, Zo is Warburg coefficient 
 
And the Warburg coefficient (   is given by [182]: 
 
                  
   
         √  
                                (4.11) 
       where D is diffusion coefficient for diffusion of a reagent, c is concentration of a diffusing 
reagent  
 
116 
Recently, the Gerischer element (G) is introduced in modern ECM software to account for the 
different physical feature between the bounded Warburg element (BW) and the Gerischer response 
(G). More specific description on the difference can be found in Chapter 2. 
  
4.1.3 Different ECM configurations 
 
(1) R-C in series 
 
 
Figure 4.1.4 A series R-C circuit and the corresponding impedance plot 
 
Figure 4.1.4 shows a vertical line impedance response which can be modelled by connecting a resistor 
and a capacitor in series.  
 
 
 
 
f 
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A vertical impedance line is seen corresponding to: 
 
                        and       
  
     
  
 
    
                         (4.12) 
 
As Z´ is independent of frequency, as shown in Equation 4.1.2, a vertical line impedance response is 
generated in parallel to the Z´´-axis at an offset from the origin by a resistance value. A capacitance 
can be calculated by plotting a graph of -Z´´ against 1/f  [183].  
 
(2)  R-C in parallel 
 
 
Figure 4.1.5 A parallel R-C circuit and the corresponding impedance plot  
 
When a resistor and a capacitor are connected in parallel, it models a semi-circular impedance 
response, as shown in Figure 4.1.5. In a R-C parallel circuit modelling arrangement, a current can pass 
along both or either R and/or C components where an applied current is more prone to flow through 
the capacitor at higher frequencies. Accordingly, as the perturbation frequency decreases, the total 
impedance reaches a resistance value (i.e. R1) on the Z´-axis, but the resistance decreases as the 
R1 
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frequency increases [183]. From a semi-circular impedance response, a capacitance value (i.e. C1) can 
be obtained by fitting to the circuit arrangement or calculating from Z´´of a semi-circular impedance 
response at fmax using Equation 4.1.4 and Equation 4.1.5. 
 
(3) The Randles circuit: R-(R-C parallel) 
 
 
Figure 4.1.6 An example Randles circuit and the corresponding impedance plot 
 
Figure 4.1.6 shows a Randles circuit containing a resistor (R1) and a R-C parallel combination (R2 and 
C1) connected in series. Randles circuits are used to model more than one response. In the circuit 
arrangement shown in Figure 4.1.6, two impedance responses are modelled where the high frequency 
impedance response is assumed to be not visible in the Nyquist plot. In this case, an applied current is 
obliged to pass the first resistor before splitting into the parallel combination. Hence, the lower 
intercept of a semi-circular impedance response on the Z´-axis is equivalent to the resistance value of 
the first resistor (i.e. R1) whereas the radius of a semi-circular impedance response is equivalent to the 
resistance value of the next resistor (i.e. R2).  
 
 
R1 R2 
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 (4)  R-CPE in series 
 
 
Figure 4.1.7 A R-CPE series circuit and the corresponding impedance plot 
 
Figure 4.1.7 shows line impedance responses, inclinations of which are apparent. Such line 
impedances can be modelled using a series combination of a resistor and a CPE. n in CPE is a 
numerical factor, which accounts for different inclinations, and when n = 1, the modelled impedance 
plot would become equivalent to that of a R-C series circuit shown in Figure 4.1.4. 
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(5) R-CPE in parallel 
  
 
Figure 4.1.8 A R-CPE parallel circuit and the corresponding impedance arc 
 
Figure 4.1.8 shows semi-circular impedance responses, depressions of which are apparent. Such 
depressed semi-circular impedance responses can be modelled using a parallel combination of a 
resistor and a CPE. n is used to represent different degrees of depression, and when n = 1, the 
modelled impedance plot would become equivalent to that of the R-C parallel circuit shown in Figure 
4.1.5.  
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(6) The Warburg impedance 
 
 
Figure 4.1.9 (a) Warburg circuit and (b) the bounded Warburg circuit and the corresponding 
impedance plots 
 
Figure 4.1.9 shows frequency dispersed impedance responses for which Warburg elements are widely 
applied for modelling. Frequency dispersions can be observed when a response arises from diffusion 
phenomena, which are visualised as a diagonal line (θ = 45°) in the Nyquist plot, as shown in Figure 
4.1.9. If the boundary condition for a diffusion is semi-infinite or infinite, the resulting impedance 
response can be represented using a single Warburg element only, as shown in Figure 4.1.9(a). On the 
(a)  
(b) 
122 
other hand, when the boundary condition for a diffusion is finite, a combination of the bounded 
Warburg element and a R-C in parallel is used for modelling, as shown in Figure 4.1.9(b).  
 
4.2 Bulk diffusivity measurement 
 
SIMS is recognised as a versatile technique for materials characterisation. In this work, an universal 
Time OF Flight-SIMS (TOF-SIMS) instrument, the TOF-SIMS 5 (ION-TOF GmbH), which is 
equipped with colour-coded element mapping system, was used for evaluating concentration 
distribution of elements of interest. Figure 4.2.1 shows an image of the ion-TOF instrument.   
 
 
Figure 4.2.1 A diagram showing an image of the ion-TOF [184] 
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4.2.1 Introduction to SIMS 
 
 
Figure 4.2.2 A schematic diagram illustrating the basic principal of SIMS operation 
 
In SIMS, bombardment of a primary ion beam at the surface of a sample leads to emissions of ions, 
so-called ‘secondary ions’, from the sample surface, as schematically illustrated in Figure 4.2.2. Other 
resulting secondary species include electrons, neutrals, molecules, and clusters. The ratio between the 
number of secondary ions and the number of other secondary species can be estimated by useful yield, 
which is defined as a product of the ionisation probability (α) and the detection probability of a 
species x (Tx) [185]. Owing to the predominance of neutral secondary species, useful yield in a 
conventional SIMS instrument is typically very low, ranging between 0.01% and 10%. Because of 
this inherently low useful yield, counts rate for secondary ions highly depends on the quality of an 
instrument and the beam condition, rather than the actual concentration of species in a sample. 
For SIMS experiments, it is important to bear in mind that the energy of a primary beam is critical as 
a high energy beam leads to an absorption of kinetic energy into a sample, resulting in a modification 
of the surface chemistry by mixing of atoms and diffusions / segregations of atoms in the collision 
cascade. The distance over which an absorbed kinetic energy is reduced by 1/e is called decay length.  
Time-Of-Flight SIMS (TOF-SIMS) is regarded as a cutting-edge instrument, which enables a parallel 
collection of secondary ions over a wide range of mass. In TOF-SIMS, secondary ions are accelerated 
through the polar extraction tube towards the detector, where the time of arrival for each mass is 
recorded. Before arriving at the detector, secondary ions hit the reflectron where different velocities of 
Decay length 
Primary beam 
Secondary species 
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secondary ions of the same mass are calibrated by faster ions penetrating deeper into the reflectron 
than slower ions. Consequently, secondary ions of the same mass arrive simultaneously at the detector 
during each acquisition. Accordingly, counts of an identical arrival time can be assigned to a 
particular mass, and acquisition can be repeated according to the arrival time of the heaviest mass 
which enables to collect sufficient counts for desired secondary species. While acquisition is repeated, 
accumulating counts for all secondary species are plotted as a function of   in a mass spectrum. 
Resulting mass spectra are expected to be background-free, unlike electron spectra, because, 
theoretically, no superimposition occurs with a sufficient mass resolution of  
 
  
      [185]. 
 
4.2.1.1 Static SIMS and Dynamic SIMS 
 
There are two major types of SIMS: static SIMS and dynamic SIMS. The degree of a prior primary 
ion dose before analysis distinguishes between static SIMS and dynamic SIMS. Static SIMS is mostly 
used to describe upper most surface analysis (i.e. line-scan), whereas dynamic SIMS refers to erosive 
in-depth analysis (i.e. depth profiling).  
For static SIMS, the probability of detectable secondary ions by a very small number of primary ions 
should be predicted in advance. This low current mode provides a high sensitivity with a detection 
limit of down to ppm or ppb level for an analysis area of ~ 100μm2 [186].  
For dynamic SIMS, a high dose of a primary ion beam etches materials for an in-depth analysis, 
leading to destruction of the physical feature of a sample during operation. In this mode, a good depth 
resolution is critical for an accurate conversion from sputtering time to sputtering depth. For achieving 
a good depth resolution, it is important to ensure that all analysed secondary ions depart from the 
bottom of a crater, not from the wall. This can be accomplished by selecting a larger area of sputtering 
(e.g. a few hundred μm2) than that of scanning (e.g. 100μm2), followed by using either electronic 
gating or ion optical gating which ascertains that a rastered scanning area is allocated well away from 
the wall of a crater. In addition, care should be taken for optimising the sputtering condition of the 
primary beam as it affects the quality of a crater, thereby determining the depth resolution. For 
example, the beam current proportionally increases the roughness of a crater, influencing the bottom 
surface quality of a crater. This is because increasing beam current leads to a catastrophic erosion of 
species that are more etchable which results in a surface disturbance. In addition, the incident angle of 
the primary beam is another important factor, as it determines the homogeneity of beam energy 
distribution over a rastered area. In the literature, the optimum angle for primary beam is found to be 
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between 40˚and 45˚ [185]. Furthermore, using primary thermal sources that offer a narrow energy 
spread (e.g. Cs
+
) is also known to improve the geometric definition of a crater. 
 
4.2.1.2 Universal TOF-SIMS 
 
Universal TOF-SIMS offers an intermediate analysis between static SIMS and dynamic SIMS with a 
pulsed primary beam energy of 1 ~ 5keV. The low energy pulsed beam removes surface materials 
very slowly at a rate of      ~    nm s   only, and this slow sputtering process can allow a good 
lateral resolution as it increases the data collection time consumed per unit of lateral depth and the 
number of lateral layers per unit volume [186]. Hence, universal SIMS is especially valuable for 
developing a micron-size shallow depth profile or studying chemical compositions near the upper 
most surface. Accordingly, the introduction of universal mode analysis has enforced SIMS as a more 
powerful analytical tool in the electroceramics research area wherein diagnosing the transport 
property of slow moving ions in materials is often of significant interest.   
 
In universal SIMS, there are two different techniques that can be used to deduce diffusion profiles. 
Users can choose the most suitable method according to their forecasts on the total diffusion depth of 
a secondary species of interest.    
• When a relatively long diffusion profile (e.g. 50 ~100μm) is analysed in universal SIMS, analysing 
an sectioned cross-sectional area, in which total diffusion profiles are present, is favoured over having 
an original diffusion initiation surface directly under a primary beam, as the analysis process would 
become too time-consuming in the latter case. The merit for this intermediate line-scan type analysis 
includes being able to obtain non-primitive and fertile images, as counts at each pixel arising from this 
special cross-sectional sample configuration increases as a function of operation time, as 
schematically illustrated in Figure 4.2.3. 
• When a short diffusion depth (e.g. a few μm) is analysed in universal SIMS, tracing a whole depth 
profile can be achieved in a timely manner by using a conventional sample configuration used for 
depth profile analysis (i.e. having an original diffusion initiation surface directly under a primary 
beam). The merit of universal SIMS for a shallow depth profile analysis includes being able to obtain 
reasonably good qualitative information on the chemistry of the diffusion initiation surface owing to 
the shallow lateral depth. 
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Figure 4.2.3 A schematic diagram illustrating the 3D data collection over an analytic area of        
in universal SIMS line-scan type analysis. As the number of acquisition increases, the number of 
identical lateral surfaces (along the    direction) contributing towards the data collection increases.  
 
When an isotopic shallow depth profile is required, obtaining a good mass resolution (m/Δm = 3500 ~ 
6000) becomes more critical because the mass numbers of isotopes are usually close together (ΔM = 1 
~ 3). Since mass resolution can be enhanced by pulsing the primary beam, universal SIMS is ideal for 
such an isotopic tracer analysis. The pulsed beams in universal SIMS are not only advantageous in 
terms of mass resolution, but can also reduce the effects of charging and atomic mixing. Although a 
minor charging can still occur even in universal SIMS during sputtering and ionisation processes, 
resulting in a decreased secondary ion yield, the charging effect can be further reduced by irradiating 
a sample surface with a very low energy flood electron beam (e.g. ~ 20eV) which neutralises the 
surface during the extraction field shut-down.  
x1 
y1 
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There are two different pulsing modes that a user can choose: high current bunched mode and burst 
mode [187]. In the high current bunched mode, a primary beam is set to be sent by each pulse of 
approximately 20ns to generate a very short secondary ion pulse of 0.6ns ~ 1ns with a bunched 
intensity is produced. In the burst mode, a long pulse of primary ions of approximately 100ns is 
applied, and as a consequence, a number of short secondary ion signals of ~ 1ns are produced without 
an accumulation of intensity. For developing a shallow isotopic depth profile (e.g. O
16
 and O
18
), the 
burst mode is more suitable than the high current bunched mode, as it gives a better mass resolution 
and allows collecting the highest counts possible for a minor isotope (e.g. O
18
) while ensuring not to 
saturate the detector by the counts for a major isotope (e.g. O
16
). Nonetheless, when using the burst 
mode, one should sensibly choose the number of bursts, as too many bursts can increase the total 
operation time dramatically [186].  
 
Figure 4.2.4 A mass spectrum obtained with 7 pulses in the burst mode.  
 
Figure 4.2.4 shows an example mass spectrum obtainable in the burst mode. From Figure 4.2.4, in 
spite of the identical pulsing time associated with each burst peak in the burst mode, it is apparent that 
the actual counts of burst peaks, which have arisen from the same mass, differ. This is because the 
detector cannot fully recover from counts of prior cycles, so registration of secondary ions arising for 
the next bursts fail during the dead time of a detector.  
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4.2.1.3  Dual primary beam mode  
 
Previously, the presence of a single primary ion source in SIMS forced an assumption that sputtering 
and ionisation occur simultaneously which is not entirely true. Accordingly, modern SIMS 
instruments adopt two different kinds of primary ion beams: primary analysis beam and primary 
sputtering beam. Hence, in modern TOF-SIMS where this dual beam system is used, sputtering and 
ionisation become completely decoupled, since each primary ion source is delegated a separate role of 
either sputtering or analysis [186].  
These two different primary ion beams can be set to act quasi-simultaneously or periodically. The 
former is called interlaced mode and the latter is called non-interlaced mode. In the interlaced mode, 
the sputtering process is interrupted only for a few μs, thus the maximum repetition rate is obtainable 
giving rise to highly quantitative data with a good detection limit. In the non-interlaced mode, due to 
the routine interruptions for sputtering during an analysis, the total operation time would increase if 
count rates in the proximity of that would be collected in the interaced mode were to be obtained.       
Below, the two different primary beams are described: 
• Primary analysis beam: The role of primary analysis beam is producing secondary ions (i.e. 
ionisation), as mentioned above. The reactivity of a primary ion source and the size of a primary beam 
determine the quality of analysis. Recently, liquid metal ion sources (LMIG), such as Ga
+ 
or Bi
+
, are 
widely used because they easily find a focus and are known to increase the secondary ion yield. 
Bombardment by a LMIG can create secondary ions, which depart from the sample simultaneously, 
with an electrical potential of ~ 2kV [187].  
• Primary sputtering beam: While the analysis beam is turned off, the primary sputtering beam comes 
into action for removing materials only (i.e. sputtering). The beam has a current density that is a few 
orders of magnitudes higher than that of the primary analysis beam. The primary sputtering beams are 
commonly fitted with a Cs
+
 thermal ionisation source in the electronegative mode, whereas O
+
 and 
Xe
+
 thermal ionisation sources, the so-called electron impact sources, are used in the electropositive 
mode [186, 188].  
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Chapter 5. Effect of chromium dosage on the electrochemical and 
oxygen transport properties of La0.6Sr0.4Co0.2Fe0.8O3­δ (LSCF) 
 
5.1 Introduction 
 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) is regarded as one of the most attractive cathode materials for the IT-
SOFC. However, like many other cathode materials, LSCF is prone to chromium degradation as the 
amount of chromium-containing deposits in LSCF, such as Cr2O3 and SrCrO4, increases with 
operation time, accelerating the electrochemical performance degradation [119, 138]. In particular, 
large SrCrO4 crystals, which form on the top surface of LSCF electrodes, are known to cause drastic 
performance degradation by reducing oxygen gas permeability into the bulk of electrode and oxygen 
exchange activity. In the literature, degradation behaviours of different cathode materials are widely 
studied as a function of operation time [140, 142, 189, 190]. However, as experimental conditions 
vary, this often prevents fair comparisons among the degradation rates of different cathode materials. 
Hence, to forecast the lifetime of working SOFCs given different operating conditions, a quantitative 
analysis investigating the relationship between the amount of contamination and its corresponding 
cathode performance degradation is more valuable. Accordingly, the objective of experiments, the 
results of which are shown in this chapter, was to develop the approximate relationship between the 
performance degradation of LSCF and the chromium concentration. Throughout this chapter, relevant 
experimental results are discussed and analysed using the ALS model. Additionally, Cr-free LSCF 
performance is also investigated. Specimens used for all experimental results are labelled as shown in 
Table 5.1. 
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Table 5.1 A table showing details of samples used for results shown in the chapter. 
Sample No. Thickness of 
electrode/ μm 
Purpose of corresponding 
experiment  
( Experimental technique) 
Sample 
configuration 
wt%Cr 
1 5 • Cr-free LSCF electrode 
characterisation  
(AC impedance spectroscopy) 
Symmetrical 
configuration 
with LSCF 
electrodes 
0% 
2 30 • Cr-free LSCF electrode 
characterisation 
(AC impedance spectroscopy) 
• Effect of chromium poisoning 
(AC impedance spectroscopy) 
•Chromium deposits verification  
(XANES) 
0% ~ 2% 
3 30 • Degradation of pure LSCF 
electrode by thermal cycling  
(AC impedance spectroscopy) 
0% 
4 30 • Degradation of pure LSCF 
electrode by additions of ethanol  
(AC impedance spectroscopy) 
0% 
5 30 •Reproducibility of a targeted 
chromium concentration 
 (AC impedance spectroscopy) 
2% 
6 30 •Chromium concentration analysis 
(EDS, WDS) 
2% 
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7 30 •Chromium deposits verification  
(XANES) 
8% 
8 15 •Microstructure analysis  
(X-ray nano CT) 
0% 
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5.2 Experimental 
 
Greenbodies of CGO10 were prepared using die-pressing at 2MPa for 20s, followed by isostatic 
pressing at 400MPa. The greenbodies were then heat treated at 1400˚C for 3h with a heating rate and 
a cooling rate of 5˚C/min to obtain dense pellets (relative density ≥ 95%). The resulting CGO pellets 
were 2cm in diameter and 1mm in thickness.   
 
Symmetrical single cells containing LSCF electrodes were fabricated by depositing a LSCF ink on 
sintered CGO10 pellets using the screen printing technique. For screen printing, a CGO10 substrate 
was first fitted into a sample holder below the screen in the screen printer. The screen position was 
then adjusted to ensure the mesh was located directly above the centre of the substrate. In addition, a 
LSCF ink, which was made of LSCF commercial powder (Fuel Cell Materials, Praxair, 99.9% purity) 
using conventional triple roll milling, was distributed above a screen between the woven mesh and the 
front squeegee. A layer of the LSCF ink was printed on one side of the substrate as squeegees slide 
over the woven mesh. After completing one cycle of screen printing, the substrate was removed from 
the screen printer, and dried in air at 50˚C for 1h. The substrate was then placed back into the same 
position in the sample holder to deposit an identical layer symmetrically on the other side of the 
substrate. The printed layers of LSCF were then fired in air at 1000˚C for 2h with a heating rate and a 
cooling rate of 5˚C/min which resulted in well-adhered porous electrode layers. Thicknesses of 
resulting LSCF electrodes were checked by SEM. The above electrode fabrication procedure was 
used for fabricating all symmetrical samples used in this work.   
 
For electrochemical measurements on specimens containing Cr-free LSCF electrodes, each 
symmetrical specimen was first placed into the sample holder of the impedance apparatus (Probostat 
TM
), which was connected to the Modulab FRA and a PC, between a pair of Pt mesh current collectors 
(aperture size of     m      m and wire diameter of 75μm). Electrochemical measurements 
were conducted at open circuit at nominal temperatures between 520˚C and 800˚C at 40˚C intervals 
with a perturbation voltage of 50mV over a frequency range of 0.01Hz ~ 1MHz while 10 data points 
were recorded per decade. In all electrochemical experiments, actual measurement temperatures were 
also recorded by a thermocouple near the sample holder. 
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After completing a set of electrochemical measurements on Sample 2 at 0%Cr, further 
electrochemical measurements were conducted on Cr-dosed LSCF to study the effect of chromium on 
electrochemical performance of LSCF. For Cr dosing, a stock solution with a concentration of 
1.22mol Cr per litre was first prepared by dissolving Cr(NO3)3.9H2O (Acros Organics, purity: 99%) in 
ethanol. The stock solution was then used to prepare, by dilution with further additions of ethanol, 
other solutions with different chromium concentrations that would give target chromium dosing levels 
in the pair of LSCF electrodes when the electrodes were fully wetted by the solutions. Hence, a 
prepared solution was made to penetrate into the pair of the LSCF electrodes, followed by heat 
treatment at 900˚C for 2h with a heating rate and a cooling rate of 5˚C/min to permit the chemical 
reaction between the electrode and chromium. After the heat treatment, the top surfaces of the LSCF 
electrodes were gently wiped with an ethanol-soaked swab to remove any excess chromium, so that 
different degradation degrees in electrode electrochemical performance found in this study can be 
attributed to different chromium concentration levels in the bulk of the electrode. Following the 
sample preparation procedure shown above, Cr-dosed Sample 2 was placed back into the impedance 
apparatus and the cycle repeated at the new chromium contamination level. The above Cr-dosing 
procedure was repeated after each cycle of electrochemical measurements for dosing Sample 2 with 
different chromium concentrations.    
 
Sample 6 was prepared in the identical manner to Sample 2 at the maximum chromium concentration 
was prepared, followed by impregnation with an epoxy resin. After curing the epoxy resin, the sample 
was cut to reveal the cross-sectional area of the LSCF electrodes. Then, the sectioned sample was 
coated with carbon and mounted onto an Al stub using a carbon tape in a manner, which would make 
the cross-section of the LSCF electrode face the electron beam in SEM. The stub was then placed in 
the sample holder of a SEM instrument (JEOL 6400) to obtain information on the actual chromium 
concentration and the chromium distribution in the LSCF electrode using the X-ray spectrometry 
techniques.  
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5.3 Results and discussion 
 
Polarisation area specific resistances (ASRs) shown in all impedance spectra in this chapter represent 
those of one LSCF electrode. Also, inductance, which mostly arises at low frequency due to wiring, 
was removed for all impedance spectra shown in this chapter.     
 
5.3.1 Characterisation of Cr-free LSCF electrodes 
 
Prior to chromium degradation study, electrochemical measurements were performed on Cr-free 
samples to check repeatability and viability of the experimental techniques and conditions used in this 
study.  
 
(1)  Sample 1 
 
Sample 1 was prepared by a single passage of screen-printing. The resulting thickness of the 
electrodes in Sample 1 was determined to be ~ 5μm using SEM, as shown in Figure 5.3.1. 
Figure 5.3.1 SEM micrographs of Sample 1 showing a fractured cross-sectional area of LSCF in 
contact with a CGO10 electrolyte.  
 
CGO 
LSCF 
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fmax = 1.3 Hz 
fmax = 0.1Hz 
 
 
fmax = 4.0Hz 
136 
 
Figure 5.3.2 Impedance spectra obtained from Sample 1 at 514˚C, 553˚C, and 796˚C. 
 
Figure 5.3.2 shows impedance spectra obtained from Sample 1 at three different temperatures in 
which a reduction in size of the total electrode response is evident with increasing temperature. There 
are three different electrode responses which are known to arise from MIEC-type cathode materials: 
the charge transfer response at high frequency, the Gerischer-like response at intermediate frequency 
from oxygen incorporation and diffusion in the MIEC, and the oxygen gas diffusion response at low 
frequency. The small oxygen partial pressure dependency of the high frequency response (i.e. charge 
transfer response) and the relatively high oxygen partial pressure dependencies of the low frequency 
responses (i.e. Gerischer-like response and oxygen gas diffusion response) have been widely reported. 
These observations have been used as supporting evidence to identify the electrode responses [191, 
192]. 
 
According to the impedance spectra obtained from Sample 1, at all measurement temperatures, the 
Gerischer-like response remains to be the predominant electrode response, indicating surface oxygen 
incorporation and bulk oxygen diffusion processes are the rate-determining steps. At temperatures 
above 553˚C, the oxygen gas diffusion response is visible at a lower frequency than the Gerishcer-like 
response.  
fmax = 100.0Hz 
fmax = 7.9Hz 
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(2) Sample 2  
  
Using a screen with a thicker-wired mesh, thicker LSCF electrodes were fabricated by a single 
passage of screen printing. The thickness of the LSCF electrodes in Sample 2 was determined to be 
~    m using SEM as shown in Figure 5.3.3.  
 
   
Figure 5.3.3 SEM micrographs of Cr-free Sample 2 showing a polished layer of LSCF in contact with 
a CGO10 electrolyte 
 
LSCF 
CGO 
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fmax = 6.3 Hz 
fmax = 119.5 Hz 
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Figure 5.3.4 Impedance spectra obtained from Sample 2 at 504.4˚C, 667.5˚C, 708˚C, and 780˚C 
 
Figure 5.3.4 shows impedance results obtained from Sample 2 at 0%Cr on increasing temperature. 
Between 504.4˚C and 760˚C, the Gerischer-like response is the dominating electrode response which 
fmax = 2.51 Hz 
 
 
 
fmax = 251.9 Hz 
fmax = 251.9 Hz 
 
fmax = 1.6 Hz 
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shows that the electrode kinetic is governed by the corresponding surface oxygen incorporation and 
bulk oxygen diffusion processes at these temperatures. At 708˚C, the oxygen gas diffusion response 
starts to become visible at low frequency which eventually becomes the rate-limiting process at 780˚C. 
 
Figure 5.3.5 Imaginary part of impedance spectra obtained from Cr-free electrodes in Sample 2 at 
nominal temperatures  
 
Although the Nyquist plot is the most popular method for presenting impedance responses, one of the 
weaknesses of the Nyquist plot is its poor resolution in the frequency domain [193]. Hence, 
impedance results obtained from Sample 2 are also plotted in the Bode-type plots, as shown in Figure 
5.3.5, for better frequency resolutions, wherein continuous shifts in the characteristic frequencies to 
higher values are clearly demonstrated with increasing temperature. The Bode-type plots also clearly 
show that the lowest frequency response displayed between 720˚C and 800˚C (i.e. marked in the red 
box shown in Figure 5.3.5) is definitely not the Gerischer-like response. 
 
 
 
 
 
141 
(3) Comparison between Sample 1 and Sample 2  
 
 
Figure 5.3.6 Total polarisation resistances obtained from Cr-free Sample 1 and   mple   
 
Figure 5.3.6 shows total polarisation ASRs (Rp) obtained from Sample 1 and Sample 2. From Figure 
5.3.6, it can be learnt that Rp decreases as the thickness of LSCF electrode increases. According to 
Adler`s porous electrode theory, in order to obtain an optimum electrochemical performance of a 
MIEC-type electrode, the total electrode thickness needs to be greater than the 3-D characteristic 
utilisation depth, which extends above the electrode-electrolyte interface. In this theory, it is also 
proposed that although extra materials are not electrochemically active, they can boost electrode 
performance (refer to Chapter 2 for more details) [39]. Hence, these electrochemical measurement 
results obtained from the LSCF electrodes having different thicknesses shown in Figure 5.3.6 confirm 
that electrochemical performance of MIEC-type electrodes can be enhanced by increasing the 
thickness of such electrodes. 
Additionally, the temperature at which the oxygen gas diffusion response begins to be visible on 
increasing temperature is dependent on the thickness of MIEC-type electrode. As shown in Figure 
5.3.3 and Figure 5.3.4, the oxygen gas diffusion response becomes visible at 553˚C for   mple   
and 708˚C for Sample 2. This difference in temperature at which the oxygen gas diffusion response 
starts to become visible on increasing temperature can be explained in terms of Cchem and Cgas. The 
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capacitance associated with oxygen gas phase diffusion (Cgas) increases with increasing thickness of 
an MIEC-type electrode (L), while the capacitance associated with the solid state oxygen transport in 
the bulk (Cchem) depends on the characteristic utilisation depth (Lδ) in an MIEC-type electrode. Hence, 
for a thinner electrode, Cgas would be smaller, leading to an increase in the characterisation frequency 
for the oxygen gas diffusion response. Consequently, the temperature at which the oxygen gas 
diffusion response starts to appear on increasing temperature would decrease.  
Accordingly, in the 2-D ALS model, it is proposed that Cgas is larger than Cchem by a factor of 
 
  
. The 
higher dominance of the oxygen gas diffusion response arising from a thicker LSCF electrode (i.e. 
Sample 2) also supports this proposition. 
 
Table 5.3.1 Ratios of Cgas/Cchem and L/Lδ 
Sample 
No. 
 
 
 
Sample 1 15.4 6.7 
Sample 2 132.3 40.4 
 
Table 5.3.1 shows that L/Lδ is approximately three times larger than Cgas/Cchem in both Sample 1 and 
Sample 2, confirming that Cgas/Cchem increases proportionally with L. Nevertheless, the disagreement 
in values between Cgas/Cchem and L/Lδ are because the 2-D ALS model assumes the microstructure is 
homogenous throughout the bulk of the electrode.  
 
 
 
 
 
 
 
L/Lδ Cgas/Cchem 
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5.3.2 Effect of chromium poisoning 
 
5.3.2.1 Background experiments 
 
(1) Thermal cycling experiment 
 
 
Figure 5.3.7 An Arrhenius plot showing the effect of repeated thermal-cycling on the total 
polarisation resistance of Cr-free LSCF electrodes in Sample 3 
 
The aim of the thermal cycling experiment was to check the effect of repeated thermal-cycling on 
degradation of the LSCF electrodes, so that electrochemical performance degradations observed in 
Sample 2 after sequentially increasing Cr concentration can be ascribed only to the effect of 
chromium. Sample 3 (Cr-free) underwent repeated thermal-cycling upon heating and cooling between 
room temperature and 800˚C. The impedance results obtained during thermal-cycling upon ascending 
temperature (i.e. Cycle 1, Cycle 3, and Cycle 5) and descending temperature (i.e. Cycle 2 and Cycle 4) 
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can be found in Figure 5.3.7, where it is clearly demonstrated that thermal-cyclings up to 5 times did 
not cause a significant performance degradation of the LSCF electrode (i.e. Rp agree to ± 12%). 
Additionally, the impedance measurement results also showed that the electrolyte resistance was 
constant to ± 5% during the experiment, confirming that the LSCF electrodes can stay well-bonded to 
the CGO10 substrate.  
 
(2) Ethanol blank experiment 
 
Table 5.3.2 Total polarisation ASRs obtained in the ethanol blank testing 
Temperature Cycle 1 Cycle 2 Cycle 3 
520˚C 6.88Ω cm
2
  7.45Ω cm2 9.63Ω cm2 
560˚C 2.02Ω cm
2
 3.17Ω cm2 2.46Ω cm2 
600˚C 0.66Ω cm
2
 1.16Ω cm2 0.92Ω cm2 
 
 
A set of ethanol blank experiments were conducted on Sample 4 to check the reproducibility of 
electrochemical performance of LSCF after sequential ethanol additions (without Cr). The ethanol 
blank test results also include the reproducibility of removing the sample from the Probostat
TM 
rig and 
repositioning of the sample back to the Probostat
TM 
rig. Rp at three different temperatures obtained 
from the repeated electrochemical measurements as increasing ethanol concentration in the LSCF 
electrode are shown in Table 5.3.2. Table 5.3.2 shows that adding only ethanol to the LSCF electrode 
did not influence the electrode performance significantly which confirms that the solution-based Cr-
dosing technique is viable for the degradation study.  
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(3) Data reproducibility from specimens dosed with Cr 
 
Figure 5.3.8 Electrochemical measurement results of Sample 2, for which 2%Cr was reached by 
successive accumulative impregnations, and Sample 5, for which 2%Cr was reached by a single 
impregnation method 
 
To check if electrochemical measurement data are reproducible using the chromium contamination 
technique employed in this study, Rp obtained from Sample 5, for which the maximum chromium 
level was reached with a single impregnation step was compared to that from Sample 2, for which the 
maximum chromium level was sequentially reached. Figure 5.3.8 shows that Rp obtained from 
Sample 2 is higher than that of Sample 5 by less than 0.5 orders of magnitude which confirms the 
acceptable dosing data reproducibility.  
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5.3.2.2 Sample analysis  
 
(1) Chromium concentration 
 
The X-ray spectra in SEM are frequently used for materials characterisation, as the characteristic 
spectral lines generated from each element in materials enable the chemical constituents to be 
identified and quantified without any priori information and their spatial distribution to be revealed. 
Hence, in the study, essential information on the distribution and the concentration of chromium in the 
LSCF electrodes was obtained using SEM.  
 
 
Figure 5.3.9 A Cr-La overlay showing the depth distribution of Cr and La in a chromium infiltrated 
LSCF electrode in Sample 6 
 
Figure 5.3.9 shows a Cr-La signal counts overlay obtained over the LSCF electrode thickness from 
the top surface of electrode (i.e. distance = 0μm) to the electrolyte-electrode interface (i.e. distance = 
30μm) in the linescan analysis mode. The overlay also clearly demonstrates that the concentration of 
chromium is almost constant along a line selected over the cross-sectional area, as shown in Figure 
5.3.9, of the LSCF electrode. This homogenous distribution of chromium in the LSCF electrode 
indicates that the chromium nitrate solution penetrated to the bottom of the electrode as intended.   
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Figure 5.4.1 A diagram showing a cross-sectional area of Sample 6 used for chemical analysis 
 
 
Figure 5.4.2 Energy dispersed X-ray spectrum obtained from the LSCF electrode having the highest 
chromium concentration (Sample 6) at a position close to the electrolyte interface 
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Figure 5.4.3 Wavelength dispersed X-ray spectrum obtained from the LSCF electrode at the highest 
chromium concentration (Sample 6) at a position close to the outer electrode surface 
 
Table 5.3.3 A table showing the average chemical composition of the LSCF electrode at the highest 
chromium concentration obtained using EDS and WDS. 
  La Sr Co Fe Cr O 
Average 33.8 16.0 5.00 20.3 1.90 22.8 
Std. dev. 4.70 2.00 0.40 2.10 0.90 2.30 
 
 
Although line-scan analysis is extremely useful as it can reveal concentration gradient of elements, the 
point analysis mode is often preferred for chemical composition analysis, as it can provide a better 
statistical significance given the same counting time [194]. Therefore, the actual chromium 
concentration in Sample 6 at the highest targeted contamination level was measured using energy 
dispersed X-ray spectrometry (EDS) in the point analysis mode. As there is an overlap between Cr kα1 
(~ 5.415keV) and La Lβ3 (~ 5.143keV) peaks, as shown in Figure 5.4.2, wavelength dispersed X-ray 
spectrometry (WDS) was also adopted to confirm the EDS results. An example spectrum obtained 
from WDS analysis is shown in Figure 5.4.3. Since the WDS analysis produced results which are in 
good agreement with the EDS results, both analysis results could be accepted. Accordingly, the 
average concentrations of identified elements obtained using both techniques are shown in Table 5.3.3. 
As shown in Table 5.3.3, the actual chromium concentration in the LSCF electrode was determined to 
be 1.9 ± 0.9%. According to this actual chromium concentration found (i.e. rounded to 2wt%), all 
targeted chromium contamination levels were corrected to this value pro-rata. 
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(2) Chromium-containing deposits 
 
 
 
 
 
Figure 5.4.4 (a) XANES obtained from Sample 2 (at 2%Cr) and Sample 7 where the corresponding 
characteristic peaks for Cr
3+
 and Cr
6+
 are marked and (b) XANES obtained from Sample 2 (at 0%Cr) 
and Sample 7  
XANES was conducted to determine the Cr oxidation state in chromium-containing deposits on the 
(a) 
(b) 
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top surfaces of the LSCF electrodes (i.e. down to 100nm in depth) in Sample 2 (at 2%Cr) and 
  mple   (Figure 5.4.4.(a)). As shown in Figure 5.4.4, signals for both Cr3+ and Cr6+ were observed 
from these samples which can be mostly assigned to the presence of Cr2O3 and SrCrO4 respectively.  
The observation of SrCrO4 signals in spite of the practice of the ethanol wiping after a heat treatment 
is surprising, as Min et al. [161] previously reported a XRD result where it was shown that the SrCrO4  
phase becomes undetectable after gently wiping the top surface of a Cr-contaminated LSCF electrode 
with an ethanol-soaked tissue after a heat treatment. These contrary results may be due to the different 
detection sensitivities of these two techniques used. Moreover, the stronger signal of Cr
6+
 arising from 
Sample 7 indicates that the formation of SrCrO4 is more aggravated than in Sample 7 as expected. 
However, the intensities of Cr
3+
 arising from these two samples are almost identical in spite of 
different chromium concentrations which indicates that the formation of SrCrO4 is favoured over the 
formation of Cr2O3 (or possibly CoCr2O4) on the top surface of LSCF electrode. 
Figure 5.4.4(b) shows XANES spectra of Co and Fe obtained from Sample 2 (at 0%Cr) and Sample 7. 
The K-edge energy for Co obtained from Sample 7 (i.e. 7724.8eV) is lower than Cr-free Sample 2 (i.e. 
7725.0eV), indicating Co is segregated on the top surface of the Cr-dosed LSCF in Sample 7. 
However, the K-edge energy for Fe (i.e. 7127.7eV) obtained from both samples is identical. This 
finding suggests that Cr promotes Co segregation on the top surface of Cr-dosed LSCF electrode, but 
not Fe segregation which can be ascribed to the higher valence stability of Fe compared to Co.   
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5.3.2.3 Electrochemical measurement results 
 
(1) Sample 2 
 
 
Figure 5.4.5 Example impedance spectra of LSCF cathodes containing different actual Cr 
concentrations measured at nominal temperatures of (a) 600˚C and (b) 800˚C. The Cr content is 
expressed as wt% in the LSCF electrode of Sample 2. 
 
As seen in Figure 5.4.5, Rp of Sample 2 increases with increasing chromium concentration. At 600˚C, 
all impedance responses are in the shape of the Gerischer-like response, which refers to the 
predominance of the solid state oxygen diffusion and the surface exchange reaction at all chromium 
concentration levels. At 800˚C, two electrode responses are observed which can be assigned as the 
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Gerischer-like response and the oxygen gas diffusion response. The oxygen gas diffusion response, 
ASR of which is around       cm   is found to be independent of chromium concentration at these 
relatively low chromium concentrations, whereas the size of the Gerischer-like response increases 
continuously as chromium concentration increases.  
 
 
 
Figure 5.4.6 Graphs showing the Cr concentration dependency of Rp at nominal temperatures of 
720ºC and 800˚C. The error bars correspond to the uncertainty in making repeat impregnation and 
measurement cycles (based on Figure 5.3.8). 
 
In Figure 5.4.6, Rp of the LSCF electrode in Sample 2 measured at nominal temperatures of 700˚C 
and 800˚C are plotted as a function of chromium concentration. The error bars in the graph account 
for the uncertainty of the measured chromium concentrations. 
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According to Figure 5.4.6, at low chromium concentrations between 0%Cr and 0.4%Cr, Rp gradually 
increases with the amount of chromium, and there is a steep increase in Rp between 0.4%Cr and 1%Cr. 
Then, Rp starts to increase more slowly between 1%Cr and 2%Cr. The relationship found in this study 
is in line with the reported chromium degradation behaviours of many SOFC cathode materials found 
as a function of time exposed to a chromium source, showing a much slower rate of degradation after 
displaying a sharp increase in the cathodic overpotential near the beginning of measurements [140, 
142, 189, 190].  
 
5.3.2.4 Analysis using the ALS model 
 
(1) Estimation of microstructural parameters 
 
For data interpretations using the ALS model, good estimations of microstructural parameters are 
essential. Hence, microstructural parameters of the LSCF electrode in Sample 8 were deduced from a 
3-D tomography, as shown in Figure 5.4.7, obtained using the X-ray nano-CT technique as described 
in a related paper [195]. 
 
 
Figure 5.4.7 A 3-D tomography obtained from Sample 8 using the X-ray nano-CT technique 
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Table 5.3.4 A table showing estimated microstructural parameters of the LSCF electrode and the 
concentration of oxygen atoms used for the ALS model analysis 
Parameters Values 
Porosity (ε) 0.4 
Tortuosity (τ)   
Surface area (a)          cm  cm  
Concentration of oxygen atoms (co) 0.088mol cm   
 
(2) Analysis of Rchem 
 
In the ALS model, chemical resistance (Rchem) is given by [39]: 
 
          
   
    
 √
 
                           
    
   
    
 √
 
                  
             (5.1) 
where R is the gas constant, T is temperature in Kelvin, F is the Faradays constant,    is 
concentration of oxygen defects,    is concentration of oxygen, r0 is exchange equilibrium flux 
density, αa and αc are constant kinetic parameters of anodic and cathodic reactions, Dv is oxygen 
vacancy diffusivity, a is surface area per unit volume, Do is oxygen diffusion coefficient, ko is oxygen 
surface exchange coefficient 
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Figure 5.4.8 An Arrhenius plot showing the temperature dependency of Rchem for different Cr 
concentrations. The solid line represents the calculated values obtained for 0%Cr using the ALS 
theory and the tracer results of Benson et al. [169] 
 
The Arrhenius graph in Figure 5.4.8 clearly illustrates that Rchem increases with increasing chromium 
concentration, whereas the activation energy of Rchem, 1.50 ± 0.13eV, is independent of chromium 
concentration. The activation energy of Rchem is in good agreement with an earlier study reporting the 
activation energy of 1.38eV ~ 1.54eV on the same material [196]. The dashed line in the graph 
represents Rchem, which were calculated by substituting the estimated microstructural parameters 
shown in Table 5.3.4 and the tracer oxygen transport parameters (D*, k*) reported by Benson et al. 
[169] into Equation 5.1. For the calculations, the conversion from D* to Do was done using 
         (where fo is the correlation factor for oxygen diffusion in LSCF and is equal to 0.67 for 
the perovskite lattice [197]). The calculated Rchem agrees with the measured Rchem to one order of 
magnitude, showing reasonably good agreement.   
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(3) Analysis of Do and ko  
 
The mathematical equations given in the ALS model allow correlating of electrochemical 
performance of a porous MIEC-type electrode with the corresponding bulk oxygen transport 
performance [39]. Therefore, oxygen transport degradation of such an electrode can be analysed using 
the ALS model. Accordingly, in this section, the ALS model is adopted to study the effect of 
chromium on the oxygen transport property of LSCF. Nevertheless, prior to applying the ALS model 
for a degradation study, the validity of the ALS model for an uncontaminated LSCF needs to be 
confirmed. Below, the analysis process and the results are discussed.  
 
For semi-circular RC impedance responses, time of relaxation can be calculated using            . 
However, owing to the half-tear drop shape of the Gerischer-like response, tchem cannot be calculated 
using the same equation. Hence, in this study, the unique relationship between tchem and fmax for the 
Gerischer-like response,                   was derived to extract correct tchem. As shown in 
Equation 5.3, surface exchange is directly related to tchem.  
 
According to the ALS model, the characteristic relaxation time (tchem) for the Gerischer-like response 
is defined as [39]: 
   
               
        
               
   
      
 
 
  
  
 
 
    
                     (5.2) 
where tchem is characteristic time constant related to the chemical process of solid-state oxygen 
diffusion and oxygen surface exchange, A is thermodynamic factor  
 
And the thermodynamic factor (A) is defined as: 
 
                  
 
 
 |
        
    
|                             (5.3) 
In order to derive oxygen transport constants using Equation 5.2, the thermodynamic factor for LSCF 
also needs to be calculated. Using the reported oxygen non-stoichiometry data for LSCF and Equation 
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5.3, the thermodynamic factor for LSCF was determined to be 2.17 [198, 199]. Since a negligible 
change in δ is observed over the range of temperature used in this study, it was assumed that the 
thermodynamic factor is constant.  
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Figure 5.4.9 A graph of log (ko) versus 1000/T comparing ko of LSCF reported by different authors 
[169, 198, 200-207] 
 
In Figure 5.4.9, reported ko of LSCF obtained using various types of experimental methods and ko 
obtained in this work are plotted together where it is shown that ko values are widely spread. ko values 
reported by Ried et al. [204] and Bucher et al. [205] from the same laboratory are almost an order of 
magnitude higher than other ko obtained using the conductivity relaxation technique. The scatter in ko 
found in spite of the same experiment technique suggests that the wide spread in ko obtained from 
bulk specimens is likely due to different sample preparation procedures used (e.g. degree of polishing) 
that alter the surface chemistry. 
ko obtained from a porous LSCF electrode in this study is the largest among all ko. This may be 
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because the actual surface of particles in a porous electrode is rough which increases the contact area 
with air. Contrarily, when obtaining ko using bulk specimens, the surfaces of specimens are often 
polished so that the flat surfaces can be regarded as the starting point of mass transport. These smooth 
surfaces can lead to an underestimation of oxygen surface exchange activity per unit length.  
ko found in a thin film study by Plonczak et al. [206] are the lowest values among all ko. However, 
other ko data from a thin film specimen reported by Simrick et al. [207] are much higher and fit well 
with other ko values in the literature. Although, in principal, accurate ko are expected to be derived 
from thin film studies given the dominance of oxygen diffusion process is relatively low in thin films, 
the enormous scatter in ko of two thin film studies shown in Figure 5.4.9 implies that thin film results 
do not represent the bulk property of LSCF. 
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Figure 5.5.1 A graph of log (Do) versus 1000/T comparing Do of LSCF reported by different authors 
[198, 200-203, 205, 208] 
 
Figure 5.5.1 shows oxygen diffusion coefficients (Do) for LSCF reported in the literature and Do 
obtained in the study as a function of temperature. Relaxation measurements give the chemical 
diffusion coefficient, Dchem, rather than the oxygen self-diffusion coefficient, Do. For LSCF, Dchem is 
higher than D* by around two orders of magnitude. This is because Dchem reflects mass transport of 
oxygen in the presence of an oxygen concentration gradient, involving the ambipolar diffusion of 
oxygen ion-electron holes pairs (i.e. via the network of B-O for LSCF), whereas D* is at a chemical 
equilibrium in the absence of an oxygen concentration gradient. Thus, reported Dchem values were first 
converted to equivalent Do, which were then plotted with other Do values. As seen in Figure 5.5.1, all 
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Do values are in very good agreement in spite of different measurement techniques used as expected. 
This is because diffusion coefficient represents the bulk property of a material.  
The activation energy of Do is also in good agreement, but it seems slightly affected by the 
measurement techniques used. The activation energies of Do obtained using conductivity relaxation 
and membrane transport techniques are smaller, compared to that obtained in a tracer measurement. 
This may be due to smaller thermal energy required for oxygen jump in the presences of a 
concentration gradient and electronic charge carriers. Furthermore, the activation energy of Do 
obtained from a porous electrode in this study seems to fit better with that of the tracer measurement 
results reported by Benson et al. [169]. This is because the electrochemical measurements on the 
porous electrode were carried out at open circuit.  
According to Figure 5.4.9 and Figure 5.5.1, Do and ko obtained from the Cr-free LSCF electrode in 
Sample 2 are in reasonably good agreement with measured values reported in the literature, 
confirming the validities of the ALS model analysis for LSCF and the microstructural parameters 
used in this study. Therefore, the effect of chromium on Do and ko could be also analysed using the 
ALS model as demonstrated below. 
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Figure 5.5.2 An Arrhenius plot showing the effect of Cr concentration on the oxygen surface 
exchange coefficient deduced from impedance analysis using the ALS theory 
 
According to Figure 5.5.2, ko is dramatically reduced with increasing chromium contamination. This 
large reduction in ko can be ascribed to the formation of Cr2O3 and SrCrO4 in the LSCF electrode. 
Therefore, it can be suspected that more of the surface of the LSCF electrode particles becomes 
covered by the chromium-rich deposits as chromium concentration increases, leading to a reduced 
oxygen exchange activity. Moreover, as 1%Cr in the electrode is equivalent to the formation of a 
1.9nm thick dense layer of Cr2O3 on the surface of a dense LSCF given that the density of Cr2O3 is 
    g cm  and the internal surface area of the LSCF bulk particles is          cm  cm , the 
significant reduction found in oxygen exchange activity at as low as 0.2%Cr is not surprising. Figure 
5.5.2 also shows that the reduction in ko is much smaller between 1%Cr and 2%Cr than that between 
0%Cr and 1%Cr. This trend is in line with results shown by Finsterbusch et al. [170], who reported 
that ko of LSCF decreases at a slower rate as a dense Cr2O3 layer, which was deposited on the upper 
most surface of a bulk LSCF specimen, gets thicker. In that study, a plateau region for ko was 
observed with thicknesses of Cr2O3 between 15nm and 38nm.   
Nevertheless, as shown in Figure 5.5.2, the activation energy of ko is not highly affected by chromium 
dosage. Therefore, it can be concluded that there are surviving particle sites, which are as active as the 
-12
-11
-10
-9
-8
-7
-6
-5
0.9 1 1.1 1.2 1.3
lo
g 1
0
(k
O
 / 
m
 s
-1
)
1000/T (K-1)
 0% Cr
0.02% Cr
0.06% Cr
0.12% Cr
0.4% Cr
1.0% Cr
2%Cr
Tracer (Benson)
163 
original sites even after the chromium dosage, although the number of active sites decreases with 
increasing chromium concentration. 
 
 
Figure 5.5.3 An Arrhenius plot showing the effect of Cr concentration on the oxygen self-diffusion 
coefficient deduced from impedance analysis using the ALS theory 
 
Figure 5.5.3 shows that Do gradually decreases with increasing chromium concentration whereas the 
activation energy of Do is independent of chromium dosage level. According to the chromium 
impurity diffusivity data obtained from a bulk LSCF specimen in this work (refer to Chapter 7), the 
bulk diffusivity of chromium in LSCF is relatively low, thus, the decrease in Do shown in Figure 5.5.3 
cannot be ascribed to the direct chromium diffusion into the bulk lattice. However, it is likely that 
chromium has entered into grain boundaries of the LSCF electrode during annealing. In this case, if 
oxygen is required to cross over the chromium-segregated grain boundaries, the rate of bulk oxygen 
diffusion would decrease proportionally with the degree of Cr segregation in grain boundaries which 
could explain the decrease in Do found with increasing chromium concentration, as shown in Figure 
5.5.3.  
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Figure 5.5.3 also shows that the activation energy of Do is almost independent of chromium 
concentration. This again implies that there was no significant change in the bulk material where the 
solid state oxygen diffusion takes place. Konysheva et al. [119] proposed that if chromium-containing 
deposits react with bulk materials of cathodes, it may lead to decomposition, thereby degrading 
cathode performance. Since the ALS model analysis shows that increasing chromium concentration 
up to 2wt% does not alter the activation energy of Do, it can be concluded that the bulk of LSCF 
electrode is not highly prone to decomposition at the relatively low chromium concentrations used in 
this study. However, it could still be that some bulk material near the top surface of a LSCF electrode 
may still be decomposed by the formation of SrCrO4. 
 
 
Figure 5.5.4 A graph showing the degrees of the oxygen transport performance degradation of the 
LSCF electrode caused by 2%Cr 
 
Figure 5.5.4 demonstrates the ko and Do obtained from the LSCF electrode at both 0%Cr and 2%Cr as 
a function of temperature. According to Figure 5.5.4, an addition of 2%Cr to the LSCF electrode 
decreases ko by approximately 2.5 orders of magnitude and Do by just over one order of magnitude, 
indicating that ko is more sensitive to chromium than Do. Since Rchem is inversely proportional 
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to √     , the increase in Rchem by two orders of magnitude observed after an addition of 2%Cr can 
be ascribed to the changes in both Do and ko, although the reduction in ko contributes much more 
significantly to the increase in Rchem as expected.  
 
(4) Analysis of Lδ and Cchem 
 
It is useful to consider the effect of chromium on the size of the electrochemical active region and the 
chemical capacitance as they are related to the electrode kinetic.  
 
In the ALS model, the characteristic length for the electrochemical active region (Lδ) is given by [39]: 
 
              √
            
               
  √
         
      
                             (5.4) 
 
For a good ionic conducting electrode, Lδ varies from 0.4μm to 20μm depending on P(O2). In such an 
electrode, the entire volume of electrode particles in the active region would be reduced as       
is satisfied. However, in a porous electrode where the characteristic depth is smaller than the electrode 
particle size (     ), electrode particles sitting on the electrode-electrolyte interface can only be 
partially reduced which would not be consistent with the assumptions underpinning the linked bulk 
involvement mechanism. In this case, we expect the Gerischer-like characteristic weakens or 
disappears. 
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Figure 5.5.5 Effects of temperature and Cr concentration on the characteristic depth of the active 
cathode region deduced from impedance analysis using the ALS theory 
 
Figure 5.5.5 shows the effects of temperature and chromium concentration on Lδ of the LSCF 
electrode in Sample 2. According to Figure 5.5.5, the average Lδ in Sample 2 at 0%Cr is determined to 
be 0.47μm which confirms that LSCF is a good MIEC cathode material. Nevertheless, the fluctuation 
in Lδ observed with changing temperature can be attributed to the fact that√
  
  
 is approximately 
independent of temperature.   
Figure 5.5.5 also shows that Lδ tends to increase with increasing chromium concentration. This is 
because the reduction in ko is larger than the decrease in Do. However, it should be noted that the 
extension of Lδ by chromium contamination does not mean the electrode kinetic will improve as the 
overall electrode kinetic of a MIEC-type electrode is proportional to √     . 
In spite of the general relationship found between Lδ and the chromium concentration, the change in 
Lδ is not always proportional to the amount of chromium. For example, at a nominal temperature of 
760˚C, Lδ is almost independent of chromium concentration. This weak dependency can be ascribed 
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to different chromium sensitivities of    and   . Nevertheless, the highest predicted value of Lδ is 
2.15μm. Since the effective active depth (y) of the perovskite structured electrodes (i.e.       ) 
extends over a distance of approximately       , the maximum value of y is estimated to be 6.45μm. 
This confirms that the LSCF electrodes used for the chromium degradation study were sufficiently 
thick (i.e. 30μm) which explains the clear observations of the Gersicher-like response at all chromium 
concentrations.   
Lδ is also closely related to Cchem of a MIEC-type electrode. If Lδ is large, a large Cchem 
(e g        ~     cm  ) arising from the bulk oxygen transport would separate the chemical 
impedance response from the charge transfer (interfacial) electrode response which is associated with 
a smaller interfacial capacitance (e.g.      ~       cm  ). If Lδ is too small, distinguishing between 
the charge-transfer response and the Gerischer-like response becomes difficult as Cchem becomes close 
to the interfacial capacitance.  
 
In the ALS model, the chemical capacitance (Cchem) is given as [39]: 
 
                              
      
      
  
                 
     
                        (5.5) 
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Figure 5.5.6 Effects of temperature and Cr concentration on the chemical capacitance of the cathode 
deduced from impedance analysis 
 
Figure 5.5.6 shows that Cchem increases with increasing temperature. This is because the concentration 
of oxygen vacancies increases as temperature increases. It is also evident that Cchem tends to increase 
with increasing chromium concentration. This can be explained in terms of the extended three-
dimensional active region in the Cr-dosed LSCF electrode. As Lδ increases with increasing chromium 
concentration, the number of oxygen vacancies which participate in the electrochemical reaction, 
increases given a surface area (A) of the electrode, giving rise to a higher Cchem. 
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5.4 Conclusion 
 
In the present study, the relationship between the electrochemical degradation of LSCF and the 
amount of chromium between 0%Cr and 2%Cr is successfully developed. The results show that a 
significant performance degradation of LSCF occurs between 0.4%Cr and 1%Cr. In addition, 
although degradation in LSCF was clearly seen even at a chromium concentration as low as 0.2%Cr, 
the slower degradation rate found at relatively higher chromium concentration levels (i.e. between 
1%Cr and 2%Cr) suggests that the complete collapse in the catalytic activity of this material may 
occur at a much higher chromium concentration.    
 
Initially, it was believed that reducing the working temperature would reduce the effect of chromium 
on cathode degradation. However, it is now evident that reducing temperature down to 600˚C cannot 
sufficiently suppress the chromium poisoning phenomenon [125, 128, 129, 138]. According to the 
present study, the negligible effect of temperature on chromium poisoning reported in the literature 
can be ascribed to such low critical chromium concentrations which cause dramatic performance 
degradation of cathode materials.   
 
EC materials are known to be more sensitive to chromium degradation than MIEC-type materials 
because the electrochemical active zone in MIEC-type materials is not limited to the TPB. The 
analysis results based on the ALS model shows that the reduction in the oxygen surface exchange 
activity is much more pronounced than the reduction in the oxygen bulk transport property when 
LSCF is contaminated by chromium, resulting in enlarging the oxygen depletion region in the LSCF 
cathode. As the electrochemical measurement results on uncontaminated specimens in the present 
study indicate, increasing the electrode thickness of LSCF improves its electrochemical performance 
as mentioned in the ALS porous electrode theory, it can be predicted that having a thicker electrode 
would extend the durability of LSCF cathode by delaying their complete performance failure, since 
the size of electrochemical active region increases proportionally with increasing chromium 
concentration and the formation of chromium deposits in LSCF electrodes initiates from the top 
surface of LSCF cathodes [138, 139, 158]. Likewise, the effects of other foreign elements on the 
durability of cathodic performance of LSCF can also be reduced by increasing the thickness of LSCF 
electrodes. 
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In addition, since the reduced surface oxygen exchange activity is the main cause for the dramatic 
chromium degradation of LSCF, having more surfaces (i.e. finer particles) in contact with oxygen gas 
would be able to improve the chromium tolerance power of LSCF. To conclude, increasing the 
thickness of LSCF cathodes and increasing the specific surface area will improve chromium 
resistivity as well as the level of intrinsic cathodic performance. 
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Chapter 6. Effect of chromium dosage on on the electrochemical 
and oxygen transport properties of La2NiO4+δ (LNO)  
 
6.1 Introduction 
 
Recently, perovskite-related structured materials, such as Ruddlesden-Popper or double perovskite- 
structured materials, have been brought into the centre of attention in the field of SOFC cathode 
research. In particular, the Ruddlesden-Popper structured LNO (i.e. La2NiO4+δ, n = 1) is attracting 
much attention as the system has been found to adopt a wide range of oxygen stoichiometries by 
incorporating oxygen interstitials in the rock-salt layer between the perovskite blocks. Additionally, 
the Sr-free composition of LNO suggests that there is good potential for this material to exhibit a 
strong chromium tolerance power. Nevertheless, to the author`s best knowledge, to date, no other data 
has been reported on the chromium degradation of LNO. Hence, in this work, the effect of chromium 
on the LNO electrode performance has been investigated in terms of electrochemical and bulk oxygen 
transport properties. Accordingly, experiments, the results of which are presented in this chapter, were 
carried out to derive the approximate relationship between the degree of performance degradation of 
LNO and the chromium concentration in LNO. Since the analytic strategy used for studying the 
chromium degradation behaviour of LNO is identical as that used for LSCF (refer to Chapter 5), the 
different chromium sensitivity of LNO and LSCF can be fairly compared, as will be demonstrated in 
this chapter. Specimens used for all experimental results are labelled as shown in Table 6.1. 
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Table 6.1 Details of samples used for results shown in the chapter. 
Sample No. Thickness of 
electrode/ μm 
Purpose of corresponding 
experiment 
  
( Experimental technique) 
Sample 
configuration 
wt%Cr 
1 15 • Cr-free LNO electrode 
characterisation 
 
(AC impedance spectroscopy) 
 
• Effect of chromium poisoning 
 
(AC impedance spectroscopy) 
Symmetrical 
configuration 
with LNO 
electrodes 
0% ~ 
2.5% 
1 ~ 4 15 • Reproducibility of electrochemical 
measurement data of Cr-free LNO 
 
(AC impedance spectroscopy) 
0%  
5 15 • Stability of the electrochemical 
performance of Cr-free LNO 
 
(AC impedance spectroscopy) 
0% 
6 15 • Effect of chromium poisoning 
 
(AC impedance spectroscopy) 
 
5% 
7 15 • Microstructure analysis 
 
(FIB-SEM) 
5% 
8 15 • Chromium concentration analysis 
 
(EDS) 
0% 
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6.2 Experimental 
 
CGO electrolyte pellets were prepared in the identical way, as described in Chapter 5. For the 
symmetrical cell preparation, a LNO ink was first made from commercial LNO powder (Cerpotech 
AS, Norway) which was then symmetrically deposited on both surfaces of CGO pellets by screen 
printing. The diameter of the circular LNO electrode layer was ~ 1cm. Then, the screen-printed layers 
were dried at room temperature, followed by annealing at 1160˚C for 2hours. A FIB-SEM (Helios 
nanolab 600) was employed for studying the microstructure of a resulting LNO electrode.  
 
For studying the electrochemical performance of LNO, symmetrical cells were first positioned 
between a pair of Pt current collectors in the Probostat
TM
 impedance rig. The impedance spectra were 
then obtained over a temperature range of between 520˚C and 800˚C at 40˚C intervals and a 
perturbation voltage of 50mV was applied over a frequency range of between 1MHz and 0.01Hz, 
while 10 measurement points were recorded per decade at open circuit. The same experimental 
conditions were used for obtaining all impedance experiment results shown in this chapter. 
 
For the electrochemical characterisation of chromium dosed LNO, LNO electrodes were dosed with 
chromium using the solution infiltration technique. The chromium concentration in a prepared 
chromium nitration solution was varied to dose LNO electrodes with a different amount of chromium 
each time, as described in Chapter 5. After adding chromium to LNO electrodes, the electrodes were 
fired at 900˚C for 2h to let the reaction between LNO and Cr to take place.  
 
After completing electrochemical measurements, an actual chromium concentration in a sample 
containing LNO at the highest targeted chromium concentration was measured by EDS. The sample 
preparation and experiment procedures for the EDS analysis were identical to those used for LSCF 
(Refer to Section 5.2).   
 
The solid state chemical reactivity between LNO and Cr2O3 was studied using the X-ray diffraction 
technique (PANalytical MRDs). For the XRD analysis, commercial powders of LNO (Cerpotech AS, 
Norway) and Cr2O3 (Alfa alsar ,99% purity) were first mixed thoroughly in a weight ratio of 1:1. The 
mixed powder was then heat treated at 1000°C for 24h in ambient air. The reacted mixed powder was 
analysed by XRD at room temperature with Cu kα radiation over a 2 theta range of 0 to 80° in 
0.02°steps.   
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6.3 Results and discussion 
 
6.3.1 Characterisation of Cr-free LNO electrodes 
 
 
(1)  Sample 7 
       
Figure 6.3.1 FIB-SEM cross-sectional micrographs which reveal the porous microstructure of the 
LNO electrode in Sample 7 ((a) Zoomed-out image, (b) Zoomed-in image) 
 
 
Micrographs of the LNO electrode in Sample 7 were obtained by FIB-SEM, as presented in Figure 
6.3.1. From the microstructural analysis, it could be seen that the LNO electrode is well adhered on 
the CGO electrolyte and the thickness of the LNO electrode is approximately 15µm. For extracting 
microstructural information for LNO, the zoomed-in original micrograph shown in Figure 6.3.1(b) 
was reconstructed, as shown in Figure 6.4.4, by removing blurred images, which arise from particle 
surfaces in the lateral layer behind the machined layer, of the actual electrode particles.  
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Figure 6.3.2 Example impedance spectra obtained from Sample 1 at five different temperatures of 
511.5˚C, 551˚C, 590.5˚C, 631˚C, and 794.5˚C 
 
 
In Figure 6.3.2, there are five example impedance spectra obtained from Cr-free Sample 1 from which 
the reduction in the size of the total electrode impedance response with increasing temperature can be 
observed. According to the impedance spectra, Sample 1 shows sufficiently low total polarisation 
ASR (i.e. Rp = 1.28Ω cm
2
 at 631˚C, Rp = 0.28Ω cm
2
 at 794.5˚C), confirming the good potential of 
LNO as a SOFC cathode candidate material. Since LNO is a MIEC-type cathode material, three 
electrode responses, ‘charge transfer response’, ‘Gerischer-like response’, and ‘gas diffusion 
response’, are expected to be exhibited as found for LSCF. This assignment arrangement for the 
electrode response is also supported by different oxygen partial pressure dependencies reported for the 
three electrode responses arising from LNO [209]. Below, the impedance spectra shown in Figure 
6.3.2 are discussed in detail.  
 
At 511.5˚C, a hump at the high frequency part of the total electrode response indicates that there is 
also the charge transfer response. In addition, the total electrode response is approximately of the 
Gerischer-like shape which implies that the related bulk oxygen reduction processes are the rate-
determining steps at this temperature. Nevertheless, since the asymmetric shape of the Gerischer-like 
response / the Gerischer response is the strong signature for the responses, presumably, if the 
 
fmax = 501.2Hz 
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Gerischer-like response was the lowest frequency electrode response at this temperature, the lower 
frequency part of the total electrode response would be more inclined. 
Accordingly, the shape of the low frequency part of the total electrode response indicates that there 
may be another response at a lower frequency than the Gerischer-like response, or there may be just 
one suppressed Gerischer-like response. A study by Escudero et al. [209] on LNO electrochemical 
performance showed the presence of the gas diffusion response at 600˚C which was confirmed by 
decreasing oxygen partial pressure from 0.8atm to 0.2atm increases the size of the gas diffusion 
response, leading to an enhanced visibility of the gas diffusion response even at 600˚C. This study 
tells us that the former case is feasible. On the other hand, it was proposed by Lu et al. [210] that the 
Gerischer-like response of the MIEC-type electrodes starts to deviate from its characteristic shape 
when the assumptions made for establishing the 2D ALS model starts to weaken which confirms that 
the latter case is also feasible. According to this study, the shapes of suppressed Gerischer-like 
responses are also characteristic, and hence, they can be good indicators for predicting the degree of 
suppression for the Gerischer-like response. Since there are studies supporting both proposed 
scenarios, it is difficult to make a judgement by analysing the 511.5˚C impedance spectrum only. 
Hence, for obtaining a more clear view, observing other impedance spectra arising at higher 
temperatures is required.  
At 551˚C, the total electrode response is still approximately of the Gerischer-like response, but the 
angle at which the total electrode response in the low frequency regime is inclined towards the point 
of the maximum frequency is depressed by a different degree to that observed at 511.5˚C. Also, this 
angle changes again at 590.5˚C by around 3˚. According to the modelling data given by Lu et al. [210], 
such a change implies a dramatic change in the degree of suppression of the Gerischer-like response. 
This leads to a conclusion that the latter scenario is more convincing, given that the degree of 
suppression of the Gerischer-like response obtained from the same sample is supposed to be similar.  
 
As the temperature rises above 631˚C, the total electrode response does not display the Gerischer-like 
characteristic anymore which indicates that the dominance of the Gerischer-like response is weak in 
the total electrode response. In addition, the semi-circular-like characteristic of the high frequency 
part of the total electrode response also indicates that the charge transfer response is present. Another 
possibility is that the total electrode response is mostly a suppressed Gerischer-like response. 
However, as the angle at which the response is inclined towards to the point of the maximum 
frequency in the high frequency regime is too small to be of the suppressed Gerischer-like response 
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(i.e. smaller than that of the Gerischer-like response at the maximum suppression (= semi-circular)), 
according to the suppressed Gerischer-like response models shown by Lu et al. [210], it is unlikely to 
be this case. Escudero et al. [209] also found from the LNO-YSZ system that the size of the charge 
transfer response of LNO (i.e. ~ 2.1Ω cm2) is similar to that of the Gerischer-like response (i.e. ~ 3.5Ω 
cm
2
) at 800˚C. Hence, it can be suspected that, as increasing temperature the dominance of the charge 
transfer response in the total electrode response increases.       
 
At the highest measurement temperature used in the study, 795.4˚C, the gas diffusion response 
becomes visible. Hence, this allows us to analyse the electrode response of the high frequency regime 
excluding the gas diffusion response. At the first glance, it is difficult to predict the exact number of 
participating processes in the high frequency regime. However, it is clear that the electrode response 
in the high frequency regime has the adversarial asymptotic limit to that of the Gerischer-like 
response. This confirms that the Gerischer-like response is definitely not the dominant response in the 
high frequency regime, and, surprisingly, the charge transfer response is still present at this 
temperature.  
 
To summarise, there are three electrode responses present in all impedance spectra obtained from 
LNO where both the charge transfer response and the gas diffusion response become increasingly 
dominant at temperatures above 641˚C. To clarify this trend, the Bode-type plots are also constructed, 
as shown in Figure 6.3.2.  
Furthermore, the appearance of the gas diffusion responses, which are highly convoluted in the total 
electrode responses at relatively low temperatures, can be explained based on the relationship between 
the capacitance for the gas diffusion response and 
 
  
, as discussed in Chapter 5. In comparison to the 
perovskite structured LSCF, the Ruddlesden-Popper structured LNO displays a more facile bulk 
oxygen transport, owing to the presence of oxygen interstitial sites. Therefore, it can be predicted that 
the electrochemical active region in the bulk of LNO would be larger compared to that in LSCF. This 
means that the ratio of the total electrode thickness (L) to the characteristic length (Lδ) in LNO is 
likely to be smaller compared to that found for LSCF (i.e. 
 
  
 is smaller for LNO) given a similar 
total electrode thickness, resulting in a decreased ratio of Cgas to Cchem. This will lead to increases in 
the relative characteristic frequency of the gas diffusion response, thereby decreasing the temperature 
at which the gas diffusion response starts to arise. Also, in this case, the degree of overlapping 
between the Gerischer-like response and the gas diffusion response is expected to be relatively high 
which increases the temperature at which the gas diffusion response becomes deconvoluted. In fact, 
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the gas diffusion response of LNO is observed from the lowest measurement temperature used in the 
study, 511.5˚C, but the response is visible only at the highest measurement temperature used in the 
study, 794.5˚C, as shown in Figure 6.3.2. Nevertheless, it should be noted that, even for LNO, the 
deconvolution between the gas diffusion response and the Gerischer-like response will be enhanced in 
a thicker LNO electrode.  
 
       
Figure 6.3.3 Imaginary part of impedance spectra for Cr-free electrodes in Sample 1 at nominal 
temperatures between 520˚C and 800˚C. Arrows are shown in the plots are the extrapolations of the 
three electrode responses identified from the 800˚C graph predicting the shifts in the characteristic 
frequencies. The boxes in the diagram show the positions of three electrode responses  
 
 
In Figure 6.3.3, impedance spectra obtained from Sample 1 are displayed in the Bode-type plots 
wherein frequency shifts for impedance responses over a nominal temperature range of between 
520˚C and 800˚C are displayed. The major impedance peaks pronounced at nominal temperatures 
between 520˚C and 600˚C exhibit the asymmetry, which would be seen for the Gerischer-like 
response. However, at 640˚C, the major impedance peak almost loses the asymmetry and becomes 
almost symmetrical, implying that the dominance of the Gerischer-like response is weak at this 
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temperature. The major impedance peaks pronounced at nominal temperatures between 680˚C and 
800˚C show steeper slops in the higher frequency regime than the low frequency regime. This shows 
that the asymptotic limit of these impedance peaks is adversarial to that of the Gerischer-like response. 
Hence, it can be concluded that the major impedance peaks observed between 680˚C and 800˚C are 
consist of the charge transfer response and the Gerischer-like response where the dominance of the 
charge transfer response is greater than that of the Gerischer-like response. Additionally, from the 
800˚C graph, three electrode responses can be identified: at log (f) ~ 3, log (f) ~ 1.5, and log (f) ~ 0. In 
spite of the relatively high degree of convolution between the charge transfer response (i.e. the high 
frequency response) and the Gerischer-like response (i.e. the middle frequency response), the 
presence of the Gerischer-like response becomes more obvious when considering a single charge 
transfer response would give a symmetrical impedance peak.  
 
To summarise, the Bode-type plots shown in Figure 6.3.3 clarify the judgements made using the 
Nyquist plots. Nonetheless, the high dominance of the charge transfer response in the high 
temperature regime found using both the Nyquist plots and the Bode-type plots strongly suggest that a 
secondary phase forms at the interface between LNO and CGO. Furthermore, the presence of three 
electrode responses could be more clearly revealed using the Bode-type plot. Given that the 
characteristic frequency for all three electrode responses decreases with decreasing temperature, the 
progression of the three electrode responses with changing temperature could be approximately traced 
as represented in arrows in Figure 6.3.3.  
    
(2) The chemical reactivity between LNO and electrolyte materials versus the electrode 
electrochemical performance of LNO  
 
In the literature, a high chemical reactivity of LNO with some electrolyte materials has been found, 
resulting in the formation of insulating phases at the electrode-electrolyte interface and decomposition 
of LNO. With regard to the electrode electrochemical performance, the formation of interfacial 
insulating phases is the most concerning as they resist transfer of oxygen ions at the electrode-
electrolyte interface, giving rise to a high charge transfer resistance. According to the literature, 
particularly large charge transfer response contributions are found from the LNO-YSZ half-cell 
system which can be attributed to the formation of a highly insulating zirconia phase (i.e. La2ZrO7) at 
the electrode-electrolyte interface [209, 211]. A XRD powder reactivity study by Montenegro-
Hernandez et al. [212] confirmed the formation of the La2Zr2O7 and La3Ni2O7 phases in a mixture of 
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LNO and YSZ powders which underwent a chemical reaction at 900˚C. According to this study, both 
the formation of interfacial insulating phase and decomposition of LNO occur in the LNO-YSZ-half 
cell system. Reported XRD powder reactivity studies in which sintered mixed powders of CGO and 
LNO were analysed also showed decomposition of LNO to higher order Ruddlesden-Popper phases 
[212, 213] . Although other product phases were not detected from the sintered mixed powder of 
CGO and LNO by XRD, Sayers et al. [213] asserted that there was a sign of loss of Gd from the CGO 
phase which suggests that Gd-containing phases could form as a result of the solid state reaction. 
 
The above solid state reactivity studies show that chemical reactions between LNO and electrolyte 
materials, such as YSZ and CGO, start to occur at 900˚C. Since such chemical reactions have been 
found to be more dominantly controlled by the reaction thermodynamics than their reaction kinetics, 
the electrode fabrication temperature for LNO has been retained relatively low at around 900˚C in 
many studies [209, 212-215]. Also, in some recent studies, the LNO-LSGM system is adopted to 
minimise such a chemical reaction since no signs of decomposition or the formation of other product 
phases have been observed from the system up to 1000˚C [213, 216, 217]. However, it should be 
noted that, as Huang et al. [218] claimed that there are significant cross diffusions occurring in the 
LSC-LSGM system (i.e. Ga into LSC and Co into LSGM), there is a possibility for such cross 
diffusions to occur in the LNO-LSGM system as well. Moreover, there is a penalty for using the 
perovskite structured LSGM: a relatively low oxygen ionic conductivity in comparison to the fluorite 
structured CGO [219].  
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Figure 6.3.4 A graph showing total polarisation resistance data reported for LNO. Coupled electrolyte 
materials are given in the brackets after the authors [209, 211, 215, 217, 226, 263] 
 
 
Figure 6.3.4 compares total polarisation ASRs (Rp) of LNO reported in the literature. According to 
Figure 6.3.4, the relationship between the electrode electrochemical performance of LNO and the 
coupled electrolyte materials is not obvious, although the activation energy for Rp seems to be 
dependent on electrolyte materials used (i.e. with CGO and LSGM: ~ 0.77eV, with YSZ: ~ 1.16eV). 
Given that similar electrode fabrication temperatures were used in the most of the studies (~ 900˚C), 
the large scatter in Rp found for LNO is surprising. It is also worth noting that Rp of LNO obtained 
from the LNO-LSGM half-cell system also shows a scatter over around one order of magnitude.  
 
The lowest sets of Rp of LNO are shown by the studies wherein electrode fabrication temperatures of 
above 1000˚C were used (e.g. this work (1160˚C) and Wolley et al. (1000˚C)) [217]. This observation 
is contrary to the general perception that a low electrode fabrication temperature should be used to 
avoid the formation of interfacial phases when a high chemical reactivity between an electrode 
material and an electrolyte material is found. Since the 1
st
 order LNO phase (n = 1) has been reported 
to be prone to decomposition to higher order Ruddlesden-Popper LNO phases (n = 2, n = 3) after 
undergoing chemical reactions, one may claim that smaller Rp obtained in these studies are due to the 
formation of higher order LNO phases. However, it was reported by Wolley et al. [217] that Rp of the 
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higher order Ruddlesden-Popper structured LNO phases (i.e. Lan+1NinO3n+1, where n = 2 and n = 3) 
are higher than that of the parent LNO phase (n = 1). Therefore, the relatively small Rp found in this 
work cannot be attributed to the potential partial decomposition of the bulk materials to higher order 
Ruddlesden-Popper structured LNO phases. Rather, the better electrode performance found in the 
study is likely to be because of the relatively high fabrication temperature which may have led to 
better sintering and connection between particles of an electrode. Hence, it can be suspected that the 
positive effect gained by using a relatively high sintering temperature counteracts the negative effect 
on the electrochemical performance of LNO (i.e. large charge transfer resistance), since such a large 
charge transfer response arising from LNO cannot be completely inhibited even when a relatively low 
sintering temperature of around 900˚C is used. 
 
 
          
Figure 6.3.5 Graphs demonstrating the instability of the initial electrochemical performance of (a) 
LNO (by Hernandez et al. [220]) and (b) LNF (by Chiba et al. [221]) 
 
 
Figure 6.3.5 shows the reported impedance results of LNO and LNF in which changes in Rp of LNO 
and LNF found during the early stage of measurements are demonstrated. These changes indicate that 
the initial electrochemical performance of these nickelates tends to be unstable. As mentioned in the 
discussion of Rp for LNO, it can be suggested that such an unstable electrochemical performance may 
be improved by adopting a higher electrode fabrication temperature, as it would allow any 
microstructural changes or chemical reactions to occur during the fabrication process, instead of 
during operation.   
(a) (b) 
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6.3.2.Effect of chromium poisoning 
 
6.3.2.1 Background experiments 
 
 
(1) Thermal cycling experiment 
 
 
Figure 6.3.6 An Arrhenius graph showing Rp of Cr-free LNO in Sample 5 measured as thermal cycle 
is repeated four times between 520˚C and 800˚C (‘IT’ denotes cycling upon increasing temperature 
and ‘DT’ denotes cycling upon decreasing temperature)  
 
 
Since a considerable disagreement in Rp as well as unstable initial electrochemical performance have 
been found for LNO, an electrochemical background experiment was conducted to test the stability of 
electrochemical performance of LNO fabricated in this work. The measurements were recorded as 
increasing the number of cycles on increasing and decreasing temperature between 520˚C and 800˚C. 
During this background experiment, Sample 5 was not repositioned in order to exclude any other 
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factors, which could influence the data. As shown in Figure 6.3.6, the initial electrochemical 
performance of LNO is not stable in that it improves at first (by less than 0.5 order of magnitude) and 
stabilises after the first cycling. The thermal cycling experiment results point out that the 
electrochemical performance of LNO needs to be carefully examined before studying the chromium 
degradation behaviour of LNO, so that it becomes valid to attribute any degradation effect witnessed 
in the study to the effect of chromium.    
 
(2) Reproducibility of the data 
 
 
Figure 6.3.7 An Arrhenius graph displaying Rp of Cr-free LNO obtained from nominally identical 
samples (Sample 1 to Sample 4) 
 
 
Since instability in the initial electrochemical performance of LNO, which were fabricated using the 
same sintering condition, in this work is evident, as shown in Figure 6.3.7, extra electrochemical 
measurements were carried out on four nominally identical samples containing LNO electrodes to 
check the reproducibility of electrochemical measurement results obtained from LNO. The 
electrochemical measurement data of LNO shown in Figure 6.3.7 agree within 0.2 orders of 
magnitude, confirming a reasonably good reproducibility of Rp of the LNO electrodes. 
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6.3.2.2 Sample chemical analysis  
 
 
1) Chromium concentration 
 
 
Figure 6.3.8 Energy dispersed X-ray spectrum obtained from the LNO electrode at the highest 
chromium concentration in Sample 8 
 
Table 6.3.1 The average chemical composition of the LNO electrode at the highest chromium 
concentration (in wt%) obtained using EDS (Sample 8) 
  La Ni Cr O 
Average 64.5 13.2 5.3 16.7 
Std. dev. 2.70 0.70 0.22 1.60 
 
 
As shown in Table 6.3.1, the actual chromium concentration of the LNO electrode in Sample 8 is 
found to be 5.3±0.22wt%. The composition analysis estimates the relative concentration of the 
cations in LNO to an accuracy of 0.5%, showing a high precision of the compositional analysis. 
Hence, it can be justified that the normalised concentration of chromium in the LNO electrode 
is ~   . Using this actual chromium concentration found from Sample 8, other targeted chromium 
concentration levels were also corrected to give estimated actual chromium concentrations. 
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6.3.2.3 Chromium poisoning results 
 
 
(1) XRD solid state reactivity test 
 
 
Figure 6.3.9 A XRD powder reactivity test result obtained from a CGO/LNO powder mixture after a 
heat treatment at 1000˚C for 24h 
 
 
A XRD solid state reactivity test was conducted to study the chemical reactivity between LNO and 
Cr2O3. According to the XRD spectrum shown in Figure 6.3.9, there is no trace of the reactant phases 
(i.e. CGO and LNO), indicating that the powder mixture underwent a complete reaction during the 
heat treatment. Hence, it can be concluded that the chemical reactivity of LNO with Cr is high. The 
XRD analysis also reveals that the main reaction product phases include the perovskite-structured 
LaCrO3 and LaNiO3 phases, in addition to the NiO phase. 
In a thermodynamic theoretical study done by Yokokawa et al. [147], it was proposed that the Gibb`s 
energy change for the SrCrO4 precipitation reaction and the LaCrO3 substitution reaction become 
almost identical at 677˚C and P(O2) =1atm which indicates that these reactions are competitive in the 
SOFC working temperature range. Nevertheless, according to that study, the LaCrO3 substitution 
reaction is slightly more favoured at a higher temperature and at a lower oxygen partial pressure, 
whereas a lower temperature and a higher oxygen partial pressure enhance the SrCrO4 precipitation 
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reaction. Therefore, we can expect the formation of the LaCrO3 phase to be retarded with decreasing 
temperature. Yokokawa et al. [147] also claimed that the perovskite structured LaCoO3 and 
La(Ni,Fe)O3 can act as chromium getters, as these materials form solid solution phases by reacting 
with gaseous Cr species. Accordingly, LNO can be regarded as a chromium getter, as our XRD 
analysis clearly indicates the incorporation of Cr into the bulk of LNO. According to the XRD 
analysis, for LNO, decomposition of the parent LNO phase and chromium incorporation seem to 
occur simultaneously, resulting in the formation of the perovskite structured product phases and the 
NiO product phase. This Cr interaction is similar to that found for LNF, which yields LNF-based solid 
solution phases as the main chromium reaction products (e.g. La(Fe,Cr)O3, LaNi0.59CrFe0.4O3, 
LaNi0.39Cr0.24Fe0.36O3, LaNi0.17Cr0.54Fe0.28O3 [222]).    
 
Cheng et al. [223] measured that the standard enthalpy of formation for LaCrO3 and LaNiO3 from 
both oxides and elements, whereby it was shown that that the values found for LaCrO3 are more 
exothermic than those found for LaNiO3. This study tells us that the LaNiO3 phase is likely to be 
encountered before the LaCrO3 phase forms, although the stability of LaCrO3 is greater than LaNiO3.     
 
(2) Electrochemical performance degradation by Cr: Sample 1 (0%Cr ~ 2.5%Cr) + Sample 6 (5%Cr)  
 
For the following electrochemical experiments, two different samples were used because the LNO 
electrodes in the first sample (i.e. Sample 1) showed a sign of physical degradation after completing 
seven sets of electrochemical measurements: Sample 1 was used to study the electrochemical 
performance of LNO at chromium concentrations between 0% and 2.5%, whereas Sample 6 was used 
only for studying the effect of the highest chromium concentration used, 5%Cr. Although chromium 
concentrations in the two samples were reached by a different number of steps (i.e. Sample 1 was 
dosed with chromium sequentially whereas the chromium concentration in Sample 7 was reached 
with a single impregnation step), it is valid to assume that both specimens represent LNO at the given 
chromium concentrations, as the data reproducibility obtainable by using different numbers of 
chromium impregnation steps has been confirmed to be reasonably good (Refer to 5.3.2.1). 
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(a) Nominal temperature 520˚C  
 
 
 
(b) Nominal temperature 600˚C 
 
 
Figure 6.4.1 Example impedance spectra measured at nominal temperatures of (a) 520˚C and (b) 
600˚C 
 
 
In Figure 6.4.1, there are two sets of impedance spectra measured at two nominal temperatures of 
520˚C and 600˚C in which changes in the impedance response found as increasing chromium 
concentration from 0% to 5% in the LNO electrodes are displayed. According to Figure 6.4.1, all the 
electrode responses are approximately in the shape of the Gerischer-like response which implies that 
the oxygen surface reaction and bulk diffusion steps persist to be the rate-determining processes at 
these relatively low temperatures even after additions of chromium.  
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Figure 6.4.2 Graphs demonstrating changes in Rp observed at different chromium concentrations (i.e. 
at 0% Cr, 0.15% Cr, 0.3% Cr, 0.5% Cr, 1% Cr, 2.5% Cr, and 5% Cr) and nominal temperatures of 
600˚C and 720˚C 
 
 
In Figure 6.4.2, the effect of chromium on Rp of LNO at two different nominal temperatures of 600˚C 
and 720˚C is demonstrated as a function of chromium concentration. The error bars in the graphs 
account for the uncertainty arising from the chromium dosage method (Refer to Chapter 5 for more 
detail). At both temperatures, Rp fluctuates over a narrow range of between 0%Cr and 0.5%Cr which 
indicates that the effect of chromium on the electrochemical performance of LNO is almost negligible 
within this chromium concentration range. Then, Rp starts to increase with increasing chromium 
concentration from 0.5%Cr up to the highest chromium concentration, 5%Cr. Nevertheless, Rp 
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increases less rapidly between 2.5%Cr and 5%Cr than between 0%Cr and 2.5%Cr. This trend of a 
slower degradation at higher chromium concentrations is in line with the chromium degradation 
behaviour found for LSCF shown in Chapter 5.  
 
 
Figure 6.4.3 A graph comparing Rp of LNO to those of LSCF measured with increasing chromium 
concentration at a nominal temperature of 720˚C  
 
 
In Figure 6.4.3, Rp of LNO and LSCF measured at a nominal temperature of 720˚C are shown as a 
function of chromium concentration level. Although the electrochemical performance of LSCF at 
0%Cr is better than LNO at 0%Cr, the effect of chromium on Rp seems to be much more dramatic in 
LSCF. According to Figure 6.4.3., a linear relationship between the chromium concentration and Rp of 
LNO at 720˚C could be established as      cm
           r        . 
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6.3.2.4 Analysis using the ALS model 
    
 
The effect of chromium on LNO is analysed using the ALS model in the same manner, as 
demonstrated in Chapter 5.  
 
(1) Recap of ALS mathematical formulae 
 
In Table 6.3.2, mathematical equations given in the ALS model are displayed. 
 
Table 6.3.2 A table showing the mathematical equations used for the ALS model analysis [39]  
Equations Equation 
number 
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(2) Estimations of microstructural parameters 
 
Microstructural parameters were estimated from the binary FIB-SEM microstructure image shown in 
Figure 6.4.4. The estimated microstructural parameters for a porous LNO electrode can be found in 
Table 6.4.2.  
 
 
Figure 6.4.4 A reconstructed SEM micrograph of the LNO electrode in Sample 9 (white: bulk, black: 
pore)  
 
Table 6.4.2 Estimated microstructural parameters and the concentration of oxygen atoms of the LNO 
electrode in Sample 9  
Parameter Value 
Porosity (ε) 0.57 
Tortuosity (τ)   
Surface area (a)          cm  cm  
Concentration of oxygen atoms (co)        mol cm   
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(3) Analysis of Rchem 
 
 
Figure 6.4.5 An Arrhenius graph showing Rchem deduced from impedance spectra, which were 
obtained from Sample 1 (0%Cr ~ 2.5%Cr) and Sample 6 (5%Cr)  
 
 
For the ALS model analysis, Rchem were first extracted from the electrochemical measurement data 
obtained from LNO at different chromium concentrations. In Figure 6.4.5, the deduced Rchem are 
plotted as a function of temperature in Arrhenius form. As shown in Figure 6.4.5, Rchem increases with 
increasing chromium concentration while the activation energy of Rchem slightly scatters (i.e. Ea: 
1.21±0.21eV). Nevertheless, if we take the degree of the discrepancy found in the reported Rp of Cr-
free LNO into consideration, it can be concluded that the change in the activation energy observed as 
increasing chromium concentration is small.  
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(4) Analysis of Do and ko 
 
The ASL model analysis procedure can be found in Chapter 5.  
Nevertheless, the calculation step used for calculating the thermodynamic factor for LNO is shown 
below:  
   
Tsipis et al. [224] reported the temperature and the oxygen partial pressure dependencies of the 
oxygen excess (δ) in LNO. In this study, it was demonstrated that the oxygen nonstoichiometry (δ) in 
oxygen-excess LNO increases with decreasing temperature unlike LSCF. Using this reported data and 
Equation 5.2 (shown in Table 6.4.2), the thermodynamic factor (A) for LNO was determined to be 3.9. 
This constant thermodynamic factor value was used throughout this present work as the variation in 
the oxygen nonstoichiometry over the temperature range used in this work is predicted to be as small 
as 0.01.      
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Figure 6.4.6 A graph of log (ko) versus 1000/T comparing ko of LNO reported by different authors 
[225-227] 
 
 
Figure 6.4.6 presents sets of reported ko for LNO. As shown in Figure 6.4.6, the two sets of tracer 
measurement results from the same laboratory (by Sayers et al. [226] and by Skinner et al. [227]) 
show a very good alignment. However, in comparison, tracer ko (i.e. ‘Bassat (tracer)’ in Figure 6.4.6) 
reported by Bassat et al. [225] show a much lower activation energy and disagree largely in spite of 
the same measurement technique used. This shows that it is likely that ko is highly affected by a 
different sample preparation procedure as found for LSCF.  
The activation energy of ko deduced in this work shows good agreement with that of ko found by 
Sayers et al. and Skinner et al., while ko of this work is higher than these reported tracer ko values by 
198 
one order of magnitude [226, 227]. This finding is in accordance with that found for LSCF, from 
which ko in an electrode specimen is also found to be higher compared to ko in bulk specimens.  
According to a single crystal study done by Bassat et al. [225], ko is slightly higher in the direction 
parallel to the a-b plane than along the c-axis which reflects a weak anisotropic characteristic of the 
oxygen catalytic activity in LNO. Although the reason for this anisotropic nature of ko is not clear, it 
can be suspected that this may be due to a greater number of surface oxygen defects provided by 
oxygen interstitial sites and apical oxygen vacancies in the rock-salt layers compared to that provided 
by oxygen vacancies in the perovskite block.      
 
 
Figure 6.4.7 A graph of log (Do) versus 1000/T comparing Do of LNO reported by different authors 
[226-230] 
 
 
In Figure 6.4.7, reported Do for LNO are displayed as a function of temperature. According to Figure 
6.4.7, the tracer measurement values are in very good agreement with Do obtained using the 
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conductivity relaxation technique. This is different from that found for LSCF in Chapter 5 whereby it 
is shown that tracer Do of LSCF are slightly smaller than Do obtained using the conductivity 
relaxation technique. This difference may have arisen due to the fact that the effect of ambipolar 
diffusion in LNO is weaker than in LSCF. In LSCF, oxygen transport in the crystal structure is single-
directional, thus, the ambipolar diffusion effect along the B-O network enhances the overall oxygen 
transport rate. However, in the crystal structure of LNO, oxygen is transported in two directions, 
which are perpendicular to each other, resulting in repulsion among oxygen ions travelling in the 
crystal structure. Hence, although the anisotropic oxygen diffusivity in LNO is averaged out in a 
dense polycrystalline specimen due to grain connections, the overall effect of electronic charges on 
the oxygen transport weakens.  
Burriel et al. [231] and Bassat et al. [225] confirmed the anisotropic nature of the oxygen transport 
property of LNO in their studies by showing that Do measured along the a-b plane is significantly 
higher than Do measured along the c-axis. In addition, Do obtained in a single crystal study by Bassat 
et al. [225] also shows that Do (i.e. activation energy: 0.9eV) measured along the a-b plane is in line 
with Do of bulk specimens which indicates that the oxygen transport along the a-b plane determines 
the oxygen bulk transport property in polycrystalline LNO. Nevertheless, according to Do reported by 
Burriel et al. [231], the activation energy of Do measured along the a-b plane (i.e. activation energy: 
0.19eV) using a thin film specimen is much lower than that of bulk Do. Such disagreement between 
Do of a thin film and Do of a bulk specimen seems to be consistently found for both LNO and LSCF 
which re-confirms the previous remark in Chapter 5 that thin film study results cannot be used to 
represent the bulk property of a material. Nevertheless, although the low activation energy value of 
Do(ab plane) obtained from a thin film specimen presents a remarkable disagreement with others, the 
activation energy of Do(ab plane) is close to a theoretical activation energy of Do (i.e. 0.29eV) calculated 
by Minervini et al. [232] for the interstitialcy oxygen migration mechanism of O
-
 in the rock-salt layer 
which was claimed to be the most facile oxygen migration mechanism.  
Figure 6.4.7 also shows that the activation energy of Do obtained from a porous LNO electrode in this 
work is in agreement with that of Do obtained from bulk specimens, and the values of Do from the 
electrochemical measurements of this study agree with Do obtained using polycrystalline specimens 
within one order of magnitude, although they are lower.  
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Figure 6.4.8 An Arrhenius plot showing the effect of Cr concentration on the oxygen surface 
exchange coefficient deduced from impedance analysis using the ALS theory 
 
 
Figure 6.4.8 shows ko of LNO at different chromium concentrations between 0%Cr and 5%Cr. As 
shown in Figure 6.4.8, the reduction in ko by 2.5%Cr (between 0%Cr and 2.5%Cr) is only 
approximately 0.3 order of magnitude. However, a higher rate of degradation in ko is evident between 
2.5%Cr and 5%Cr.  
In comparison, the overall effect of chromium on ko of LNO (one order of magnitude by 5%Cr) is 
remarkably smaller than that found for LSCF (2.5 ~ 3 orders of magnitude by 2%Cr). This relatively 
small effect of chromium on ko of LNO can be attributed to the perovskite structured reaction product 
phases, which are identified in the XRD spectrum shown in Figure 6.3.9. Hence, the oxygen exchange 
activity of the perovskite product phases is discussed as shown below. 
 
• ko of the LaCrO3-based phase: 
The formation of the LaCrO3-based phases should be considered, since the pure LaCrO3 phase would 
exhibit a negligible oxygen exchange activity. In addition to the formation of the pure LaCrO3 phase, 
there is a high chance that the LaCrO3-based phases, such as the Ni-doped LaCrO3-δ and the oxygen 
deficient LaCrO3-δ phases, would form as chromium reaction products. Hence, below, ko of doped 
LaCrO3-δ are explored.  
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Stojanovic et al. [233] studied LaNixCr1-xO3-δ as a SOFC anode material wherein the author concluded 
that the oxygen surface exchange activity of LaNixCr1-xO3-δ increases with increasing Ni content. 
Sakai et al. [234] reported that ko of Ca-doped LaCrO3 (i.e. La0.8Ca0.2CrO3-δ), which is similar to 
LaNixCr1-xO3-δ, is          m  s   at 1000˚C. This ko value is similar to that of LNO at around 
500˚C (i.e. ~           m  s   at 490˚C). Hence, the perovskite structured LaCrO3-based phases 
(e.g. LaNixCr1-xO3-δ or LaCrO3-δ phases), which form near the surface-air interface, would partially 
contribute to the oxygen exchange activity in the bulk as they form [216].  
 
• ko of the LaNiO3 product phase: 
As well as the LaCrO3-based phases, the LaNiO3 phase also possesses an oxygen catalytic property  
[235-238].  
Matsumoto et al. [238] studied the oxygen reduction mechanism in LaNiO3 whereby oxygen 
vacancies (i.e. δ: 0.2 ~ 0.3) were observed at the surface of a stoichiometric LaNiO3 compound in 
contact with an NaOH-Na2SO4 aqueous electrolyte. Additionally, in the same author`s earlier study, it 
was claimed that the oxygen catalytic activity of LaNiO3 is as high as that of Pt and is greater than 
that of LNF (i.e. LaNi1-xFexO3-δ) [237]. Hence, given that ko of LNF at 600˚C is          m s   
[239], which is higher than that of LNO by two orders of magnitude and lower than that of the 
LaNiO3 phase, it can be predicted that the formation of the LaNiO3 phase would even enhance the 
oxygen catalytic activity in LNO rather than degrade it.  
 
To summarise, the perovskite structured chromium reaction product phases can provide some useful 
oxygen catalytic activity as they form which explains the small chromium degradation in ko of LNO. 
Based on the reasonably good oxygen catalytic activities of the perovskite structured product phases, 
it can also be predicted that the degree of chromium degradation in ko would depend on the total 
amount of the chromium reaction product phases as well as the ratio between the perovskite structured 
chromium reaction product phases. Since the LaNiO3 phase, which displays a better oxygen exchange 
activity than LNO, is likely to form faster than the LaCrO3-based phases, as mentioned in the 
discussion of the XRD spectrum shown in Figure 6.3.9, it can be speculated that chromium 
degradation in ko of LNO is time dependent. Accordingly, it can be predicted that ko may be even 
enhanced at relatively low chromium concentrations (< 0.5%) given a short annealing time. The rapid 
formation of the LaNiO3 phase also explains the negligible degradation effect of chromium on ko 
found between 0%Cr and 2.5%Cr and on Rp of LNO found between 0%Cr and 0.5%Cr in this work.  
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Figure 6.4.9 An Arrhenius plot showing the effect of Cr concentration on the oxygen self-diffusion 
coefficient deduced from impedance analysis using the ALS theory 
 
 
Figure 6.4.9 shows that Do of LNO decreases with increasing chromium concentration from 0%Cr to 
5%Cr. As shown in Figure 6.4.9, the total reduction in Do by 5%Cr (between 0% and 5%) is around 
one order of magnitude. Considering the reduction in Do of LSCF by an addition of 2%Cr (between 
0%Cr and 2%Cr) is one order of magnitude, it can be concluded that the effect of chromium on Do of 
LNO is much smaller than LSCF. Figure 6.4.9 also indicates that the chromium degradation effect on 
Do is almost negligible up to 0.5%Cr and becomes more pronounced at higher chromium 
concentrations (between 0.5%Cr and 1%Cr), before levelling off at 2.5%. At 1%Cr, the most dramatic 
drop in Do and a change in its activation energy are observed.  
In the case of LNO, Cr incorporates into the bulk materials due to the high chemical reactivity 
between LNO and Cr. Consequently, the bulk materials would gradually become a mixture of the 
LNO phase and the chromium reaction product phases as chromium concentration increases, as 
mentioned previously. Hence, it can be speculated that, at approximately 1%Cr, the amount of the 
reaction product phases formed in the bulk is large enough to affect Do of LNO.  
On the other hand, in the case of LSCF, it is more difficult for Cr to be incorporated into the bulk 
materials due to the relatively low chemical reactivity between LSCF and Cr and the very low 
chromium bulk diffusivity in LSCF. Instead, chromium deposits (e.g. Cr2O3 and SrCrO4) will initially 
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sit on the bulk particle surface, followed by preferential chromium diffusions along the grain 
boundaries into the bulk. 
From the two chromium poisoning mechanisms proposed for LSCF and LNO described above, one 
may expect that the effect of chromium poisoning would be more dramatic in LNO as it is likely that 
the initial bulk material will change by reacting with Cr. However, unexpectedly, the effect of 
chromium seems to be more severe on Do of LSCF (i.e. changing over one order of magnitude by 
2%Cr) than Do of LNO (i.e. changing over one order of magnitude by 5%Cr). This relatively small 
effect of chromium on Do of LNO is closely related to the perovskite structured product phases 
formed in the bulk, as mentioned in the discussion of the effect of chromium on ko of LNO. If the 
perovskite structured product phases exhibit some useful solid state oxygen diffusivity, the bulk 
materials would be able to resist a change in Do caused by an increasing amount of chromium. Hence, 
the oxygen bulk diffusivity of the perovskite structured product phases is discussed as shown below.  
 
• Do of the LaCrO3-based phase: 
Chettapongsaphan et al. [240] suggested that the oxygen diffusion can be induced in LaCrO3-δ as the 
number of oxygen vacancies increases. Accordingly, doped LaCrO3-δ (e.g. Ni,Ca-doped LaCrO3-δ) 
have been studied for the SOFC anode application, and it has been found that the oxygen bulk 
diffusivity in these materials can be improved by increasing dopant concentration [241-243]. Sakai et 
al. [234] measured Do of Ca-doped LaCrO3-δ and found that Do of La0.8Ca0.2CrO3-δ is approximately 
          m  s   at 800˚C. By comparing this value to Do of LSCF (i.e. ~           m  s   
at 500˚C [74]), it can be judged that doped LaCrO3 materials exhibit a modest oxygen diffusivity. 
Therefore, it can be concluded that the LaCrO3-based product phases (e.g. LaCrO3-δ or Ni-doped 
LaCrO3-δ) can partially contribute to the oxygen diffusivity in the bulk [74].  
 
• Do of the LaNiO3 product phase: 
The LaNiO3 product phase is also expected to offer some useful oxygen bulk diffusivity in the bulk.  
Berini et al. [244] studied the oxygen bulk diffusivity of LaNiO3 between 200˚C and 250˚C, whereby 
Do of LaNiO3 was determined to be         m  s   at 250˚C. By extrapolating Do of LNO 
reported by Sayers et al. [226], Do of LNO is estimated to be around        m  s   at 250˚C 
which is similar in magnitude order to Do of LaNiO3 found at 250˚C by Berini et al. [244], and 
therefore, oxygen diffusion in the LaNiO3 phase can be considered as reasonably fast. Thus, the small 
overall reduction in Do of LNO can be largely ascribed to the formation of the LaNiO3 phase.  
 
To summarise, from Do of the perovskite structured product phases, it can be predicted that the 
chromium degradation in Do of LNO would not be infinite and have a degradation limitation (e.g. the 
average Do of perovskite structured chromium product phases formed in the bulk). Hence, it can be 
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speculated that no apparent effect of chromium on Do of LNO found between 2.5%Cr and 5%Cr is 
because these chromium concentrations are in the close vicinity of the low limit of Do provided by the 
chromium product phases.  
 
(4) Analysis of Lδ and Cchem 
 
 
Figure 6.5.1 Effects of temperature and Cr concentration on the characteristic depth of the active 
cathode region deduced from impedance analysis using the ALS theory 
 
 
Figure 6.5.1 shows the effect of temperature on Lδ of LNO. Figure 6.5.1 shows that the average Lδ for 
LNO at 0%Cr is determined to be 0.8μm, confirming that LNO is a good MIEC-type electrode 
material. According to Figure 6.5.1, Lδ decreases in general as temperature increases. This is because, 
given that Lδ is proportional to√
  
  
 and ko of LNO is higher than Do, the activation energy of Do (i.e. 
0.8eV) is lower than that of ko (i.e. 1.7eV). This temperature dependency of Lδ found for LNO is more 
clear than that of LSCF because the difference in activation energy between Do and ko is larger for 
LNO than that for LSCF.  
 
Figure 6.5.1 also shows changes in Lδ found as increasing chromium concentration in LNO. In general, 
Lδ seems to decrease with increasing chromium concentration between 0%Cr and 2.5%Cr which can 
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be ascribed to the slightly higher reduction in Do than ko within this chromium concentration range. 
However, since the reduction in Do becomes almost negligible between 2.5%Cr and 5%Cr while the 
reduction in ko becomes slightly more pronounced in comparison, Lδ rises with increasing chromium 
concentration from 2.5%Cr to 5%Cr. This chromium concentration dependency of Lδ found for LNO 
is different from that of LSCF. For LSCF, increases in Lδ are observed as increasing chromium 
concentration which can be attributed to the consistently higher chromium degradation in ko compared 
to Do. 
 
From Figure 6.5.1, the highest Lδ value of LNO is determined to be 1.69μm (i.e. at 0.6%Cr and T= 
520˚C). Since the effective utilisation depth (y) of a Ruddlesden-Popper structured oxide electrode 
extends over      , the maximum value of y is estimated to be 6.76μm. This confirms that the LNO 
electrodes used in this study were sufficiently thick (i.e.      m) which reflects the presences of 
the Gerischer-like response in all impedance spectra including where the total electrode impedance 
responses do not exhibit the Gerischer-like characteristics due to high degrees of overlapping and 
large charge transfer contributions (e.g. 700˚C ~ 800˚C) from charge transfer and gas diffusion 
processes.  
 
 
Figure 6.5.2 Effects of temperature and Cr concentration on the chemical capacitance of the cathode 
deduce from impedance analysis 
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Figure 6.5.2 shows that, in general, Cchem decreases with increasing temperature and chromium 
concentration. This is related to the size of the electrochemical active depth shown in Figure 6.5.1 
which determines the volume of LNO participating in storing charge through oxygen defects. A direct 
relationship between Cchem and Lδ is demonstrated in Figure 6.5.3.  
 
 
Figure 6.5.3 A graph showing changes in the chemical capacitance of LNO at chromium 
concentrations of 1%Cr and 5%Cr as a function of characteristic length which were obtained over a 
nominal temperature range of between 520˚C and 800˚C 
 
 
Figure 6.5.4 Imaginary part of impedance spectra of Cr-dosed LNO at different chromium 
concentrations measured at nominal temperatures of 520˚C and 600˚C 
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Figure 6.5.4 shows changes in the maximum frequency found with increasing chromium 
concentration from 0%Cr to 5%Cr. As shown in Figure 6.4.1, since the Gerischer-like response 
dominates the total electrode response at nominal temperatures between 520˚C and 600˚C, the shifts 
in the maximum frequency shown in Figure 6.5.4 correspond to those of the Gerischer-like response. 
Hence, the increasing frequency trend found between 0.5%Cr and 1%Cr can be easily explained by 
considering decreases in Rchem Cchem with increasing chromium concentration. On the other hand, the 
decreasing frequency trend found between 2.5% and 5% can be ascribed to the increase in Lδ in the 
chromium range which leads to an increase in Cchem. 
 
6.4 Conclusion 
 
• Rp of Cr-free LNO can be improved by using a relatively high fabrication temperature (e.g. above 
1000˚C). Although a high fabrication temperature would potentially increase the charge transfer 
resistance at the electrode/electrolyte interface, this is less than offset by the improved connectivity in 
the sintered LNO.  
 
• The electrochemical performance of LNO starts to show a sign of degradation for chromium 
concentrations above 0.5%Cr. Interestingly, even some slight enhancement in Rp was observed at 
      r which can be attributed to the formation of the LaNiO3 product phase, which shows higher 
ko than the starting LNO phase. 
  
•Unlike LSCF, for LNO, a linear relationship between the chromium concentration and the 
electrochemical performance could be developed.  
 
• Unlike LSCF, the degrees of chromium degradation in Do and ko for LNO are similar. Nevertheless, 
the critical chromium concentration at which the most dramatic chromium degradation is exhibited 
differs for Do and ko. According to the current study, the critical chromium concentrations for LNO 
are between 1% and 2.5% for Do and between 2.5% and 5% for ko respectively.      
 
• The strong chromium tolerance power of LNO can be attributed to the perovskite structured 
chromium reaction products which possess significant oxygen transport properties. This suggests that 
the cathodic activity of LNO would not reach a point of catastrophic failure by chromium poisoning. 
Hence, LNO is entitled to be a chromium tolerant cathode material. In the light of the theory given for 
the strong chromium tolerance power of LNO, the superior chromium tolerance power of LNF (i.e. 
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LaNi1-xFexO3),which has been extensively reported in the literature, can also be attributed to the high 
chemical reactivity with Cr and the formation of perovskite-structured chromium reaction products 
[192, 222].  
 
• The overall effect of chromium on LNO is much smaller compared to LSCF. Hence, LNO stands a 
good chance to be applied as a SOFC cathode material. However, the relatively low chemical stability 
and the unstable initial electrochemical performance pose a challenge in terms of consistency and 
durability.    
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Chapter 7. Investigation on the effect of chromium on 
La0.6Sr0.4Co0.2Fe0.8O3­δ (LSCF) using TOF-SIMS 
 
7.1 Introduction 
 
Although chromium degradation of various types of cathodes has been extensively investigated in 
terms of electrochemical property deterioration, to date, there are a few studies that have dealt with 
oxygen transport degradation of SOFC cathode materials by chromium. 
So far, it is generally accepted that MIEC cathode materials can withstand a relatively high degree of 
chromium contamination in comparison with EC-type cathode materials. This greater chromium 
tolerance power of MIEC-type cathode materials is closely related to the built-in 3D electrochemical 
active zone in the materials which results in a lower coverage by chromium deposits per unit 
electrochemical area for a given total amount of Cr, thereby reducing sensitivity towards chromium 
contamination. Since the electrode kinetics of MIEC-type cathodes are highly determined by solid 
state oxygen transport rather than vapour state oxygen transport, when studying their overall cathodic 
performance degradations, it is necessary to understand the decay in the solid state oxygen transport 
ability by means of two distinct sub-reaction steps being encompassed in the total solid state oxygen 
reduction activity: oxygen ion dissociation / incorporation into bulk particles and solid state oxygen 
diffusion through the network of electrode bulk particles.  
Various ways in which chromium-rich reaction products can influence the sub-reaction steps are listed 
below:      
(a) by reducing oxygen permeability as chromium-rich reaction products block pores on the top 
surface of a cathode, 
(b) by reducing the contact area between MIEC particles and oxygen gas as chromium-rich products 
form around bulk particles,  
(c) by decomposing the MIEC material near chromium-rich deposits resulting in a reduced number of 
oxygen defects,     
(d) by hindering the network of diffusion pathway (e.g. bulk particles) as chromium being 
incorporated into lattices / grain boundaries, 
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Of these actions, (a), (b), and/or (c) can reduce the oxygen incorporation activity whereas (c) and/or (d) 
can influence the oxygen solid state diffusivity activity. From all the listed actions, (a) to (d), it can be 
realised that the amount/species of chromium-rich reaction products forming in cathode materials 
would directly affect the degradation level of cathode oxygen transport performance regardless of the 
driving force for chromium deposition and relevant degradation mechanisms.  
In Chapter 5, the effect of chromium on the oxygen transport properties of La0.6Sr0.4Co0.2Fe0.8O3-δ 
(LSCF) was analysed using the correlation (as proposed in the ALS model) between the oxygen 
transport constants (D*, k*) and the conjugated electrochemical response. In parallel with the 
theoretical results shown in Chapter 5, the effect of chromium on the oxygen transport property was 
also investigated experimentally using the well-developed isotopic exchange depth profile (IEDP) 
technique, which was coupled with the TOF-SIMS isotopic analysis. The IEDP technique enables 
identification of the distribution of tracer elements, and such diffusivity data deduced from 
polycrystalline specimens can represent the electrode bulk particle of the same material.    
In pursuit of the objective of this study, the main focus of this chapter`s work was directed to 
increasing the amount of chromium on the uppermost surface of polycrystalline LSCF specimens and 
finding out the corresponding degradation levels in the oxygen transport properties. Furthermore, to 
explain the observed chromium degradation, the solid state chromium diffusivities in LSCF were 
measured. Additionally, the Cr-dosed uppermost surfaces of post annealed polycrystalline LSCF 
specimens were analysed to determine any generated effect of chromium-rich deposits on the surface 
chemistry of LSCF and the solid state chromium diffusivity in LSCF. Specimens used for all 
experimental results are labelled in Table 7.1. 
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Table 7.1 A table showing details of samples used for results shown in the chapter. 
Sample No. Purpose of corresponding 
experiment 
( Experimental technique) 
Cr dosing 
method 
Cr 
contamination 
condition 
Annealing 
conditions 
(atmospheric 
condition/ 
temperature/ 
total annealing 
duration) 
1 • Oxygen transport property 
of a Cr-free LSCF 
polycrystalline sample 
(IEDP) 
- - - 
2 ~ 3 • Oxygen transport property 
of Cr-dosed LSCF 
polycrystalline samples 
(IEDP) 
Cr sputtering • Sample 2: 
95mA 7s 
• Sample 3: 
95mA 15s 
• Sample 2: 
Dry oxygen/ 
780˚C/ 86400s 
• Sample 3: 
Dry oxygen/ 
780˚C / 86400s 
4 • Surface analysis of Cr-
dosed LSCF polycrystalline 
samples 
(IEDP) 
 
Cr sputtering 95mA 25s 
 
Dry oxygen/ 
780˚C/ 432000s 
5 • Surface analysis of Cr-
dosed LSCF polycrystalline 
samples 
(IEDP) 
Cr evaporation with 
Crofer22APU 
Humid air/ 900˚C/ 
604800s 
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6 • Surface analysis of Cr-
dosed LSCF polycrystalline 
samples 
(TOF-SIMS analysis) 
• Chromium diffusivity in 
LSCF 
(TOF-SIMS analysis) 
Cr evaporation with 
Crofer22APU 
Humid air/ 900˚C/ 
1209600s 
7 • Surface analysis of a Cr-
dosed LSCF polycrystalline 
samples 
(SEM) 
Cr evaporation With 
Crofer22APU 
Humid air/ 900˚C/ 
604800s 
8 ~ 9 • Surface analysis of Cr-
dosed LSCF polycrystalline 
samples: Effects of humidity 
and annealing time on the 
surface chemical 
composition of LSCF in the 
presence of chromium 
(TOF-SIMS analysis) 
Cr sputtering 95mA 5s • Sample 8: 
Humid air/ 900˚C/ 
12h (43200s) 
• Sample 9: 
Humid air/900˚C/ 
36h (129600s) 
10 ~ 11 • Surface analysis of Cr-
dosed LSCF polycrystalline 
samples: Effects of humidity 
and annealing time on the 
surface chemical 
composition of LSCF in the 
presence of chromium 
Cr sputtering 95mA 15s • Sample 10: 
Humid air/ 900˚C/ 
12h (43200s) 
• Sample 11:  
Humid air/900˚C/ 
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(TOF-SIMS analysis) 
 
36h (129600s) 
 
 
7.2 Experimental 
 
7.2.1 Sample preparation 
 
Commercial powder of LSCF (Praxair, purity>99.9%) was uniaxially pressed at 2MPa for 20s, 
followed by isostatic pressing at 400MPa. Greenbodies of pellets were then fired at 1200°C for 2hrs 
in atmospheric air with a heating rate and a cooling rate of 5°C/min. The resulting cylinder-shaped 
LSCF pellets were of 1 cm in diameter, and the relative densities for these polycrystalline specimens 
were determined to be > 98% by the Archimedes method. One side of each pellet was then ground 
with SiC papers (from 800µm to 1200µm grit size), and polished to 9µm, 3µm, 1µm, and 1/4µm, in 
descending order, in a step wise manner with diamond pastes. 
 
To introduce different amounts of chromium on the polished surfaces of specimens, two different 
contamination approaches were used: Cr sputtering and Cr evaporation. 
 
For Cr sputtering, a chromium metal sputtering coater was used where the targeted amounts of 
chromium were varied by changing the time of sputtering at a constant current of 95mA. Cr sputtered 
specimens were then annealed in dry oxygen, prior to isotope exchange experiments.  
For Cr evaporation, a piece of ferritic stainless steel (Crofer22APU) was used as an external 
chromium source and was placed in the close vicinity of the LSCF specimens in a customised 
configuration as shown in Figure 7.2.1, in a furnace. Then, the specimens were annealed with 
Crofer22APU at 900˚C for different annealing times (i.e. one week or two weeks) in humid air to let 
chromium evaporate and deposit on the uppermost surface of the specimens.  
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Figure 7.2.1 A schematic diagram showing the Cr evaporation experiment set-up 
 
7.2.2 Oxygen isotopic exchange step 
 
For the isotopic exchange experiment, each sample was first placed with an electric thermometer 
being in close vicinity in a silicate glass tube, which was directly connected to a vacuum chamber. A 
copper ring gasket was employed at the junction between the silicate glass tube and the vacuum 
chamber to isolate the internal atmosphere of the silicate glass tube. After completing this assembly 
process, the silicate glass tube was evacuated to between     atm and     atm prior to flowing dry 
16
O2(g) into the tube to a pressure of 0.02atm. Then, the silicate glass tube was immediately placed 
into a furnace at 800˚C. The duration of this 16O2(g) pre-annealing process was chosen to be 
sufficiently longer than that of the 
18
O2(g) exchange annealing to let the diffused chromium and 
oxygen to reach a thermodynamic equilibrium with the 
16
O2(g) surrounding gas and with the bulk / 
grain boundaries, prior to the isotopic exchange process. After the pre-annealing process, the silicate 
glass tube was cooled down to room temperature, followed by pumping out the 
16
O2(g) to evacuate 
the internal atmosphere of the silica glass tube down to between 10
-6
atm and 10
-7
atm. Dry 
18
O2(g) was 
then fed into the silicate glass tube to 0.02atm, followed by positioning the silicate glass tube into the 
tubular furnace at 800˚C. The maintenance of constant temperature and the oxygen partial pressure 
was checked during the isotopic exchange course by a recording system. Except for the annealing 
time, which was the only variable experiment condition, the procedure stated above was repeatedly 
applied for all samples undergoing 
18
O2 isotopic exchanging.   
 
CroferAPU22 
Polycrystalline LSCF 
sample 
Alumina ring 
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The duration of 
18
O exchange was estimated prior to the isotopic exchange process, according to the 
diffusion length equation based on Fick`s second law, shown below: 
 
                           √                                        (7.1) 
       where x is diffusion length, D is diffusion coefficient, t18O is time of exchange in 
18
O(g) 
 
Table 7.2.2 
16
O pre-annealing times and 
18
O exchange times used for different samples.  
 Time for 
16
O annealing (s) Time for 
18
O exchange (s) 
Sample 1 86400 1800 
Sample 2 86400 2100 
Sample 3 86400 7200 
*Sample 4 432000 172800 
*Sample 4: No sign of 
18
O diffusion was observed using the 
18
O exchange time stated in the table 
 
7.2.3 Sample modification for SIMS analysis 
 
• For SIMS intermediate mode line-scan analysis: 
 
After completing the oxygen isotopic exchange process, samples were sectioned along a diameter to 
reveal the cross sectional area of the original cylinder-shaped specimens for SIMS line-scan analysis. 
To increase the efficiency and the accuracy of SIMS line-scan analysis, both faces of the cross-
sectional areas about a single vertical sectioning were glued side-by-side as displayed in Figure 
7.2.3(a) and Figure 7.2.3(b). The cross-sectional area was then polished to a mirror finish of 1/4µm in 
a step wise manner as explained in Section 7.2.1. More detailed descriptions on the experimental 
technique can be found in Chapter 5.     
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(a) 
 
 
 
(b) 
 
Figure 7.2.2 Schematic diagrams showing (a) the cross-sectional area of a polycrystalline LSCF 
specimen, and (b) the final sample configuration used for SIMS line-scan analysis. The arrows show 
the penetration direction of 
18
O from the polished uppermost surface (marked as yellow lines).  
 
 
 
 
 
 
 
Polished surface of a LSCF 
polycrystalline sample 
Polished cross-sectional area 
A gap between two 
sectioned surfaces 
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• For SIMS Intermediate mode depth profiling analysis: 
 
 
 
Figure 7.2.3 A schematic diagram showing the as-polished LSCF pellet sample configuration used for 
depth profiling analysis. The arrow shows the penetration direction of 
18
O from the polished 
uppermost surface. 
 
Unlike the line-scan analysis, as-polished surfaces, as shown in Figure 7.2.3, were used for the 
intermediate-mode depth profiling analysis by sputtering. This mode was adopted to analyse relatively 
short diffusion depth profiles (i.e. Cr) and near-surface features. More detailed descriptions on the 
experimental technique can be found in Chapter 4.       
 
7.2.4 TOF-SIMS depth profiling  
 
• For SIMS line-scan analysis in the intermediate mode: 
 
Diffusion depth profiles of tracer elements (e.g. oxygen or chromium) were obtained by TOF-SIMS 
(ion-TOF 5). To obtain the diffusion depth profiles of oxygen, isotopically exchanged specimens were 
first placed in the sample holder in the way in which the sample positioning would make sectioned 
cross-sectional areas to face the dual primary beam sources as shown in Figure 7.2.4. After placing 
the sample holder into the chamber of the ion-TOF, the chamber was evacuated down to      tm. 
The thermal Cs
+
 sputtering and Bi
+
 liquid metal ion gun (LMIG) primary beam sources were then 
switched on, followed by allowing a time for beam stabilisation. Afterwards, the beam positions were 
calibrated, and the beam currents were adjusted to 0.8 ~ 1pA and ~ 200nA for Bi
+
 LMIG beam and 
Cs
+
 beam respectively. During this process, the LMIG analysis area (approximately ~     m  
Polished surface of a LSCF 
polycrystalline sample 
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    m) was positioned at the centre of a larger sputtering selected region (~     m      m) for 
optical gating to ensure the exclusive collection of secondary species arising from the bottom of a 
crater. In order to increase the efficiency of data collection, the size of the analysis area was reduced 
when analysing chromium-dosed samples in which shorter 
18
O diffusion profiles were expected. As 
selected secondary ions were collected in the intermediate line-scan mode, multi-coloured elemental 
maps, a mass spectrum, and a mass profile of the selected secondary ions were produced 
simultaneously. During data acquisitions in the relevant experiments, the guns were operated in the 
burst mode.    
 
 
Figure 7.2.4 A schematic diagram showing rastered areas of the two primary beams selected on the 
top surface of a prepared sample for line scan analysis in the intermediate mode. 
 
• For SIMS depth profiling analysis in the intermediate mode: 
 
For studying the near-surface behaviour and deducing the chromium solid state diffusivity in LSCF, 
the O
+
 sputtering source of ~ 400nA was switched on instead of Cs
+
 to increase the yield of 
electropositive chromium secondary ions and cation species in LSCF. Also, the extractor was 
switched to the positive mode. Unlike the line-scan analysis, chromium dosed uppermost surfaces of 
LSCF were analysed down to ~100nm in depth. As selected secondary ions were collected in the 
intermediate mode, multi-coloured elemental maps, a mass spectrum, and a mass profile of the 
selected secondary ions were acquired simultaneously. During data acquisition in the relevant 
experiments, the guns were operated in the burst mode.   
 
 
Primary sputtering beam 
Primary analysis beam (LMIG) 
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Figure 7.2.5 A schematic diagram showing rastered areas of the two primary beams selected on the 
uppermost surface of a prepared sample for depth profiling analysis in the intermediate mode 
 
7.2.5 SIMS data analysis step 
 
For interpreting data obtained in the line-scan mode (i.e. for oxygen diffusivity analysis), sputtered 
mass colour maps were used. In elemental colour maps, different regional intensities of the selected 
emitted secondary species that originate from a selected analytic area are presented by different 
colours, and the counts represented by different colours can be found in the colour scale bar next to 
each colour map. As ion-TOF software enables extraction of integrated counts for each selected 
secondary species from elemental colour maps, normalised diffusion profiles could be generated.  
For interpreting data obtained in the intermediate mode depth profile analysis (i.e. for chromium 
diffusivity analysis and near-surface analysis), the created mass profile data were directly exported 
which were then used for obtaining secondary ion counts of a species (e.g.
52
Cr
+
) relative to the bulk 
matrix concentration. Following on, each normalised species profile was produced as a function of 
penetration depth and the diffusion profiles were fitted using MATLAB software to extract diffusion 
coefficients (D) and surface exchange coefficients (k) for the secondary ion species.   
 
 
 
 
 
Crater 
Primary sputtering beam 
Primary analysis beam (LMIG) 
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7.3 Results and discussion 
 
7.3.1 LSCF powder characterisation 
 
 
Figure 7.3.1 A diagram showing the powder particle size distribution obtained from the LSCF powder 
used in the study using the Coulter LS230 particle size analyser 
 
According to the particle size measurement result shown in Figure 7.3.1, there are hard particle 
agglomerates of ~ 3µm in diameter even after triple roll milling. However, the sufficiently small 
primary particle size (< 1µm) indicates that sufficiently dense LSCF specimens can be produced using 
the powder.  
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7.3.2 The effect of chromium on the oxygen transport in LSCF 
 
Each step used to extract tracer oxygen transport parameters from the experimental data obtained 
using the combined IEDP-SIMS technique is illustrated below: 
 
Step1. Extracting the raw secondary species counts for 
16
O
-
 and 
18
O
-
  
 
Figure 7.3.2(a) Ion colour maps for 
16
O
-
 and 
18
O
-
 secondary ions in a chosen analytic area near the 
edges of two representing surfaces (Sample 1). The dark region is a gap between the two cut cross 
sections of the specimen and the diffusion direction is perpendicular to the gap.    
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Figure 7.3.2(b) Diagrams showing a pair of 
18
O diffusion profiles obtained from the sample 
configuration used in the study.  
 
Figure 7.3.2(a) shows example colour elemental maps for 
16
O
-
 and 
18
O
-
 secondary ions obtained from 
Cr-free LSCF (Sample 1) using the SIMS intermediate mode line-scan analysis technique in which 
the concentration gradient of 
18
O is clearly evident. Figure 7.3.2(a) also shows that 
18
O diffuses over a 
penetration depth of approximately 40µm in a Cr-free sample (Sample 1) when the sample is 
exchanged in the 
18
O gas at 780˚C for 30min. 
Gap 
0 
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The black gap found in the elemental maps represents an empty space between two analytical areas 
fixed side by side, and the immediate surfaces in direct contact with the gap are the uppermost surface 
of an original cylinder-shaped sample. Therefore, there are two diffusion profiles of 
18
O obtainable, as 
illustrated in Figure 7.3.2(b).  
Using ion-TOF software, the counts of 
18
O
-
 and 
16
O
-
 secondary ions were integrated along the y-axis 
between the limits of scanned area and each value of     in order to generate diffusion profiles of 
the type shown in Figure 7.3.2(b).  
 
Step2. Calculation of fraction of 
18
O  
 
The fraction of 
18
O ([    ]) was calculated at each value of x by substituting the raw counts of 18O- and 
16
O
-
 secondary ions into the equation shown below:  
 
                      
      
              
                           (7.2) 
where       is isotopic fraction of 18O raised above the background level at a penetration depth of x, 
 (    ) is raw counts of 18O- secondary ion,        is raw counts of 16O- secondary ions 
  
Step3. Normalisation of         
 
       requires normalisation with respect to the isotropic fraction of 
18
O in the exchange gas used in 
each experiment.  
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The normalised fraction of 
18
O at a penetration depth of x, (  
    ), is defined as: 
   
                     
      
          
 
  
      
                         (7.2) 
where    
  is natural isotopic abundance of 
18
O (0.205%) and   
  is isotopic fraction of 
18
O in the 
exchange gas (~ 16.5%) 
 
Step4. Extraction of D* and k* from normalised diffusion profiles 
 
In Crank`s solution to the diffusion equation from a constant gas phase isotopic fraction, the 
relationship between the normalised fraction of a diffusing material and the material transport 
constants is defined as [245]:  
 
  
      
           
 
  
      
  
            (
 
  √   
 )       
    
  
  
     
  
           
 
 √   
    √
 
  
                  (7.3) 
where t is time for diffusion, D* is tracer oxygen diffusion coefficient, and k* is tracer oxygen 
exchange coefficient  
 
Therefore, the normalised diffusion profiles were fitted to Equation 7.3 in MATLAB in order to 
extract D* and k*. In Figure 7.3.3 ~ Figure 7.3.5, fitted 
18
O diffusion profiles obtained from Sample 1 
to Sample 3 are shown [144].   
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Figure 7.3.3 Surface depth profiles of normalised [O18] in Cr-free LSCF (Sample 1) at T        
and          m  r obtained using TOF-SIMS. Blue lines are the best-fit diffusion profiles 
obtained using Matlab software 
  
  
Figure 7.3.4 Surface depth profiles of normalised [O18] in a Cr-contaminated LSCF (Sample 2 [Cr 
sputtering condition: 95mA 7s]) at T        and          m  r obtained using TOF-SIMS. 
Blue lines are the best-fit diffusion profiles obtained using Matlab software 
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Figure 7.3.5 Surface depth profiles of normalised [O18] in Cr-contaminated LSCF (Sample 3 [Cr 
sputtering condition: 95mA 15s]) at T        and          m  r obtained using TOF-SIMS. 
Blue lines are the best-fit diffusion profiles obtained using Matlab software 
 
7.3.2.1 D* and k* of Cr-free LSCF 
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Figure 7.3.6 D* and k* of oxygen for Cr-free LSCF obtained at 780˚C in comparison to tracer data of 
LSCF reported by Benson et al. [169]  
 
Figure 7.3.6 compares D* and k* of oxygen for Cr-free LSCF obtained in this work with tracer data 
reported by Benson et al. [169]. As shown in Figure 7.3.6, D* shows good agreement, whereas k* 
obtained in this work is lower than k* of Benson et al. [169] by 0.5 order of magnitude. Given the 
scatter found for ko data sets of LSCF, as shown in Figure 5.4.9 (Chapter 5), the fit between these two 
k* sets can be judged as reasonably good agreement.  
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7.3.2.2 D* and k* of Cr-dosed LSCF 
 
Table 7.2.3 D* and k* for oxygen in LSCF specimens at different chromium contamination levels 
Sample No. D* (      ) k* (     ) 
Sample 1                         
Sample 2                        
Sample 3                         
  
 
Figure 7.3.7 A graph showing the effect of chromium on the tracer oxygen transport parameters (D*, 
k*) of a nominal temperature of 780˚C. The three samples at different chromium levels (i.e. Cr-free 
LSCF (Sample 1) and Cr sputtered LSCF samples (Sample 2 and Sample3)) were annealed in a dry 
condition 
 
Figure 7.3.7 and Table 7.2.3 demonstrate changes in D* and k* of LSCF for different amounts of 
surface chromium. The tracer measurement results displayed in Figure 7.3.7 show a clear reduction in 
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k*, while no significant reduction in D* is observed. The tracer results confirm that the reduction in k* 
by chromium contamination is greater than that of D*, agreeing with the conclusion made for 
electrodes using the ALS model in Chapter 5. The reduction in k* found by increasing the chromium 
sputtering time to 15s is almost an order of magnitude which is similar in magnitude to the reduction 
in ko found in a LSCF electrode by the addition of 0.02%Cr. According to Graham et al. [246], tracer 
bulk diffusivity (Dbulk*) and tracer grain boundary diffusivity (Dgb*) of Cr2O3 for oxygen at 900˚C 
are            m  s    and            m  s  , respectively. These low D* values of oxygen 
diffusion through Cr2O3 can explain the reduction in k* of LSCF caused by chromium-containing 
deposits on the surface of LSCF.  
   
Bucher et al. [247] reported that k* of A-site deficient LSCF was reduced by a factor of 2 after 
exposing LSCF to an external chromium source at 600˚C for 1000h in dry air, However, no chromium 
was detected on the exposed LSCF surface by XPS. In the same study, a reduction in k* of LSCF by 
around a factor of 2 was also observed after annealing LSCF at 600˚C for 1000h in dry air even in the 
absence of a chromium source which indicates that k* of LSCF will reduce with time even without 
chromium contamination. Nevertheless, since the annealing times used in the study are relatively 
short, the effect of thermal aging on k* can be ignored, and hence, the total degradation can be mostly 
ascribed to the effect of chromium.    
 
To establish the approximate relationship between the amount of chromium and the corresponding 
degradation level, the thicknesses of the chromium sputtered layers on Sample 2 and Sample 3 were 
estimated by EDS. Depending on the thickness of a Cr sputtered layer, the critical voltage at which no 
X-rays arising from LSCF are detected anymore would differ since the depth of electron diffusion 
envelop created at the point of collision would depend on the accelerating voltage. Consequently, the 
thicknesses of Cr-sputtered layers were estimated by substituting different threshold accelerating 
voltages into the Kanata-Okayama equation shown below.  
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According to the Kanata-Okayama equation, the activation depth (xD) is given by [248]: 
 
     
(           )    
 
 
 
 
   
 
(              )
 
 
                
 
 
                       (7.4)  
where xD is activation depth, A is atomic weight, V is accelerating voltage, z is atomic number, ρ is 
density, γ is dimensionless parameter to account for the energy loss associated with multiple 
collisions of electrons  
 
And γ is defined as: 
                             
 
                            (7.5) 
 
 
Figure 7.3.8 A graph showing the estimated thicknesses of the resulting sputtered layers deposited on 
Sample 2 (i.e. sputter time 7s) and Sample 3 (i.e. sputter time 15s) at a constant sputtering current of 
95mA 
 
Figure 7.3.8 shows the relationship between the estimated thickness of resulting Cr sputtered layer 
and the Cr sputtering time. From the estimated values of as-sputtered layers, the thicknesses of Cr2O3 
7s 
15s 
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layers which would form after annealing could be calculated assuming the resulting Cr2O3 layers were 
dense films. Therefore, it should be noted that the calculated thicknesses of Cr2O3 shown in Figure 
7.3.8 can only be very rough estimations. Nevertheless, previously in Chapter 5, it was claimed that 
1%Cr in a LSCF electrode sample would be equivalent to having 1.9nm of a Cr2O3 dense film. Since 
the reduction in k* after depositing a Cr sputter layer of around 23nm (i.e. sputtering time = 15s) is 
similar to that observed after adding 0.02%Cr to a LSCF electrode, it can be concluded that the 
reduction in k* is much smaller than that in ko found using the ALS model for a given amount of 
surface Cr. This smaller reduction found in k* can be attributed to the suppressed formation of SrCrO4 
on the chromium-dosed uppermost surfaces in dry annealing conditions. The relevant surface analysis 
results will be discussed in more detail in Section 7.3.4.    
 
7.3.3 Solid state chromium diffusion in LSCF 
 
For gaining a view on how chromium deposits interact with LSCF, it is valuable to investigate the 
chemistry of surfaces in contact with chromium deposits and access the solid state diffusivity of 
chromium into LSCF. Hence, in this work, the SIMS depth profile technique was also employed for 
obtaining chromium impurity diffusion coefficients in LSCF as well as analysing the chromium dosed 
surfaces. 
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7.3.3.1 Background experiment 
 
 
Figure 7.3.9 A sputter depth obtained from Cr-free LSCF which shows the number of counts for 
peaks assigned to La
+
, Sr
+
, Co
+
, and Fe
+
. The Cr
+
 peak was force selected to observe the count 
characteristics that arise when there is no Cr in a sample.    
 
Before characterising the chromium-dosed uppermost surface of LSCF, the Cr-free uppermost surface 
was analysed in the intermediate mode. Figure 7.3.9 shows the resulting diffusion profiles of La
+
, Sr
+
, 
Co
+
, and Fe
+
, arising from a Cr-free LSCF specimen, from which almost constant secondary ion 
counts of LSCF cations are observed. In addition, from Figure 7.3.9, we can also observe the noisy 
characteristic of the forced Cr
+
 profiles which reaches the limit of detectability.    
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7.3.3.2 Impurity diffusivity of chromium (Dcr) in LSCF 
 
Chromium impurity diffusion coefficients in LSCF were obtained through the following steps: 
 
Step 1 Conversion from time domain to depth domain: 
 
Since a crater is created as materials is etched from the uppermost surface at a constant rate, 
sputtering times can be converted to equivalent crater depths. To accomplish the conversion from a 
time function to a depth function, the total depth of a crater needs first to be measured. In Figure 7.4.1 
and Figure 7.4.2, an example crater image and the corresponding crater profile obtained from the 
uppermost surface after a SIMS depth profiling analysis are shown from which the feature of the 
crater can be clearly observed. According to Figure 7.4.2, the crater created by the TOF-SIMS 
instrument has a flat bottom surface and is well defined which confirms that a good depth resolution is 
obtainable.    
 
 
Figure 7.4.1 A 3D example image of a sputtered crater obtained from a sample using a Zygo 
interference microscopy 
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Figure 7.4.2 A crater depth analysis result obtained using a Zygo interference microscopy 
 
Step 2 Normalised chromium diffusion profiles  
 
 
Figure 7.4.3 Diffusion profiles of 
52
Cr obtained from Sample 6. The Cr fraction is corrected by the Sr 
bulk matrix concentration.  
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Step 3 Analysis of the chromium diffusion in LSCF: 
 
Chromium diffusion profiles such as that shown in Figure 7.4.3 display the characteristic of a typical 
B-type diffusion profile in Harrison`s diffusion classification [249] consisting of two distinctive 
kinetic zones: (a) an initial steep slope in the shallow region that represents a pure bulk diffusion and 
(b) a gentle descending slope before reaching the background concentration that represents the 
effective diffusion zone originating from transport via both grain boundary path and bulk path.  
Hence, two different plot types, as shown in Figure 7.4.4, are required for analysing a B-type 
diffusion.  
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Figure 7.4.4 Graphs showing ln (cr) plotted against a function of penetration depth to the powers of 
1/2 and 6/5 for chromium diffusion 
 
 
Effective diffusion zone 
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The analysis using the plots in Figure 7.4.4 is demonstrated below:  
 
(1) ln (cr) versus x
2 
plot:
 
In the case of A-type diffusion, only one diffusion constant is required as, in 
this regime, the distribution of a diffusing material over grains and grain boundaries at a single 
penetration depth is homogeneous. The geometry-related condition for the A-type kinetic regime is 
given by ‘√    > grain diameter (G)’. On the other hand, in the case of C-type diffusion, diffusing 
materials is transported via grain boundaries only, so that the geometry-related condition for the C-
type diffusion is ‘√     << grain boundary width (g)’. Hence, if a material diffusion obeys the 
Crank`s solution based on Fick`s law, it can fit in either the A-type regime or the C-type regime of 
Harrison`s classification [249]. 
 
The Crank`s solution [245] shown in Equation 7.3 can be simplified using dimensionless parameters 
such as x’ and h’ as shown below:   
 
If we let    
 
 √  
 and     
 
 
 √  , 
 
Equation 7.3 can be rewritten as [250]: 
 
                    ( 
 )   {   (           )             )                                 (7.6) 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
Therefore at x = 0 
                                        
                                 (7.7) 
 
These simplified versions of the Crank`s solutions shown in Equation 7.6 and Equation 7.7 clearly 
demonstrates that ln (cr) is proportional to t
1/2
 if obeyed. Hence, a ln (cr) versus t
1/2
 plot can be used to 
distinguish a B-type diffusion from A-type or C-type diffusions [245].  
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The ln (cr) versus t
1/2
 plot for chromium diffusion in LSCF shown in Figure 7.4.4 clearly displays a 
non-linear relationship confirming that Fick`s law is not strictly obeyed. Hence, it can be justified that 
chromium diffusion in LSCF is not in either the A-type regime or the C-type regime of Harrison`s 
classification.  
 
(2) ln (cr) versus x
6/5 
plot: For material diffusions which fit into the B-type kinetic regime, the 
homogeneity of diffusing material distribution is violated due to the faster materials transport via high 
angle grain boundaries than diffusion into the adjoining bulk crystals. Hence, for this special mixed 
kinetic regime, the analysis is not straightforward because simply applying Fick`s law fails to account 
for materials diffused further along the partially isolated slabs. The geometry-related condition for a 
B-type diffusion is ‘grain size (G) >> √   >> grain boundary width (g)’ [251].   
 
Hence, there are two different diffusion constants to be calculated to represent a B-type diffusion: 
bulk diffusion coefficient (Dbulk) and grain boundary diffusion coefficient (Dgb). Dbulk can be 
calculated according to Fick`s law and the product of Dgb and g can be calculated using the Le Claire 
equation shown below [252].  
 
The Le Claire equation is defined as [252]: 
 
                          (
       
      
)
    
 
      
 
                      (7.8) 
where g is grain boundary width, cr is fraction of a diffusion reagent, x is diffusion depth, t is time of 
diffusion, and s is segregation factor  
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And segregation factor (s) is defined as [253]: 
 
                      s = cgb / cb                         (7.9) 
where cb is concentration of a diffusing material in the bulk grains and cgb is concentration of a 
diffusing material in the bulk slabs 
 
In the B-type diffusion, the concentration profile has a near surface part dominated by bulk diffusion, 
with ln (cr) proportional to     , and a deeper penetrating ‘tail’ caused by the grain boundaries, with 
ln (cr) proportional to     . As displayed in Figure 7.4.4, the ln (cr) versus x
6/5 
plot for chromium 
diffusion in LSCF shows a good linear relationship at a large depth which confirms the presence of an 
effective diffusion zone in the profile, thereby designating the diffusion as a B-type diffusion. In the 
plot, the intercept at which a change in gradient is found (i.e.           ) which can be regarded as 
the point where the effective diffusion zone starts to exhibit.  
 
Step 4 Extraction of Dcr 
 
Followed by the analysis shown in Step 3, Dbulk for Cr in LSCF was extracted by fitting the shallow 
region of the diffusion profile according to Crank`s solution as explained in Section 7.3.2, whereas 
Dgb for Cr in LSCF was calculated by fitting the tail part of the diffusion profile and using ln (cr) 
versus x
6/5 
graph shown in Figure 7.4.4 and Equation 7.8 [245]. For the grain diffusivity calculation, 
the grain boundary width was assumed to be 0.5nm as conventionally used, and the segregation 
coefficient was estimated to be 2 using Equation 7.9.  
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7.3.3.3 Analysis on chromium diffusion in LSCF  
   
 
Figure 7.4.5 A graph showing the chromium diffusivities found in perovskite structured materials: 
La0.9Sr0.1FeO3 (LSF), LaFeO3 (LF), LaMnO3+δ (LMO), La0.75Ca0.25CrO3 (LCC), 
La0.9Sr0.2Ga0.8Mg0.2O2.85 (LSGM), La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [228, 254-258] 
 
In Figure 7.4.5, the chromium diffusivities in LSCF are plotted together with chromium diffusivities 
in other perovskite structured oxides reported in the literature. According to Figure 7.4.5, the reported 
Dbulk for Cr in perovskite structured oxides are low in the range of       ~      m  s   at 900˚C. 
This is because the cation vacancies cannot readily form in perovskite structured oxides (i.e. general 
formula: ABO3), as transition metals having more than one stable valence state occupy the B-site. 
Also, since chromium can only move along curved paths due to oxygen ions lying in the direct path, 
the activation energy for chromium diffusion in perovskite structured oxides is relatively high at 
approximately 1.7eV.  
One may predict that the chromium diffusivity in LSCF would be lower than in other perovskite 
structured materials because the formation of cation vacancies is more difficult in Sr-doped and 
oxygen-deficient LSCF, as Sr doping increases the average binding energy of the A-B bond while any 
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resulting effective negative charge becomes well compensated by oxygen vacancies. However, the 
chromium bulk diffusivity in LSCF seems to be slightly higher than reported chromium bulk 
diffusivities in other Sr-free perovskite structured materials. This may be related to the formation of 
SrCrO4 on the uppermost surface of LSCF annealed in humid air which can lead to partial 
decomposition of LSCF materials in the vicinity, resulting in ejections of the B-site cations from 
lattices. Additionally, since the trivalent chromium (i.e. rCr3+ = 0.064nm) and the B-site cations, Co 
and Fe, are very similar in ionic radius, chromium can more easily replace the B-site of LSCF 
compared with other perovskite oxides shown in Figure 7.4.5 which would lead to an enhanced 
chromium transport into the bulk lattice [259]. 
 
Figure 7.4.5 also shows that, in LSCF, the chromium grain boundary diffusivity is higher than the 
chromium bulk diffusivity by around two orders of magnitude. Nonetheless, the grain boundary 
diffusivity of Cr in La0.75Ca0.25CrO3 (LCC) is greater than that of LSCF by around two orders of 
magnitude which suggests that the rate at which chromium diffuses in a Cr-containing perovskite 
oxides is more rapid than the chromium impurity diffusion in LSCF.  
  
To summarise, the contribution of the bulk lattice path towards the total amount of the diffused 
chromium is very small within the annealing time range used in the study. However, the amount of 
chromium transported via bulk path will increase exponentially with increasing annealing time, 
eventually entering into the A-type kinetics, where the chromium distribution over the bulk grains and 
grain boundaries in the direction of chromium diffusion becomes equilibrated. Nevertheless, the 
chromium impurity tracer measurement result supports one of the previous remarks in Chapter 5, 
whereby it was suggested that degradation in the oxygen diffusivity of LSCF at a low chromium 
concentration (up to 2%Cr) is mostly due to chromium diffusing along the grain boundaries of the 
LSCF electrode.  
 
242 
 
Figure 7.4.6 A diagram showing 
52
Cr sputter depth profiles obtained from different samples. (i.e. 
Sample 2, Sample 3, Sample 4: Cr-sputtered samples annealed in dry conditions, Sample 6: Cr-
evaporated samples annealed in humid conditions) 
 
Figure 7.4.6 compares different chromium profiles arising from different specimens used in the study. 
The chromium profiles display the different surface chromium concentrations of Sample 2, Sample 3, 
and Sample 4 which re-confirm that the amount of chromium deposited on the uppermost surface was 
varied in accordance with different sputtering times used as intended.  
Although a direct comparison is not feasible between Sample 4 and Sample 6, as Sample 4 and 
Sample 6 were annealed at different temperatures and P(H2O), the Cr profiles clearly show that the 
penetration depth of chromium in Sample 6 is greater than that in Sample 4 by around a factor of 3 
which implies that the chromium transport depends on the annealing condition. Another interesting 
observation is the different characteristic shapes observed in the shallow region of the chromium 
profiles: Sample 2, Sample 3, and Sample 4 show the bell-shaped Gaussian function characteristic, 
whereas Sample 6 displays the error function characteristic. This clearly indicates that the surface 
boundary condition in Sample 6 is different from that of the other samples. The Gaussian function of 
the chromium diffusion profiles for Sample 2, Sample 3, and Sample 4 (i.e. under dry atmospheric 
conditions) refers to an instantaneous source on the uppermost surface indicating that Cr deposits on 
the upper surface of these samples are very thin and they become completely consumed during the 
diffusion process. On the other hand, the error function characteristic of the chromium diffusion 
profile of Sample 6 indicates that the chromium diffusant on the uppermost surface can be regarded as 
Gaussian function: instantaneous source 
Error function: constant source 
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a constant source. This is most likely due to the continuous evaporation of Cr-containing vapour 
species from the stainless steel Cr source leading to an approximately constant Cr species vapour 
pressure at the LSCF surface.  
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7.3.4 The effect of chromium on the surface chemistry of LSCF  
 
7.3.4.1 Imaging analysis 
(1)  Dry surrounding atmosphere 
 
 
Figure 7.4.7 SIMS secondary ion colour maps showing the uppermost surface of a sample for which 
the annealing process with chromium was carried out in a dry condition (Sample 3) 
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From Figure 7.4.7 we can observe: 
•Areas of phases from which significant La+ and LaO+ secondary species are detected. Cr is depleted 
in the regions: The segregations could be La2O3 second phases. 
•Areas of phases from which significant Co+ secondary ions are detected. Cr is depleted in the regions: 
The segregations could be CoO second phase. 
•Areas from which Sr+ and SrO+ secondary species are emitted and Cr is depleted: The segregations 
could be SrO second phase.   
• No evidence of Fe-containing segregation on the uppermost surface 
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Figure 7.4.8 SIMS secondary ion colour maps showing the line scan image viewing the cross-
sectional area of a sample for which the annealing process with chromium was carried out in a dry 
condition (Identical to Sample 3)  
 
From Figure 7.4.8, we can observe:  
 
• Formation of a Sr concentration gradient near the uppermost surface and Sr depletion on the 
uppermost surface. 
• Detectable La+ signals arising from the above of the uppermost surface of the chromium-dosed 
LSCF: the segregation phase could be La2O3 (marked in La
+
 diagram) 
Sr depletion on uppermost 
top surface of LSCF 
 
Sr concentration gradient 
La segregation on the upper 
most surface of LSCF 
Brighter 
view of La 
segregated 
surface 
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(2) Humid surrounding atmosphere 
 
Figure 7.4.9 SIMS colour maps of the surface of a chromium dosed LSCF annealed in a humid 
condition 
  
• Significant Sr+, SrO+, and Co+ secondary counts are detected from many small regions on the surface. 
Cr is saturated in the segregations: Theses could be SrCrO4, Cr2O3, CoCr2O4, and SrCoO3 second 
phases. 
• No clear sign of La or Fe-containing phase segregations. 
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Figure 7.5.1 SEM micrographs showing various deposits formed on the uppermost surface of a 
polycrystalline LSCF sample after annealing a sample with Crofer22APU at 900˚C for one week in 
humid air (Sample 7). 
 
From Figure 7.5.1, we can observe: 
 
• Hexagonal shaped ‘large crystals’, which are enriched in Sr and Cr (Figure 7.5.1(a)) 
• High population of ‘small crystals’ (Figure 7.5.1(b)) 
 
From the EDS results, we could conclude: 
 
• The uppermost surface is enriched in Co   
• The hexagonal shaped segregations are strontium chromates. However, some EDS analysis results 
obtained from these crystals do not correspond to the chemical composition of SrCrO4 which imply 
that some other ternary Sr-Cr-O phases may have formed as well.  
 
 
(a) (b) 
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7.3.4.2 Near-surface depth profile analysis  
 
(1) Co and chromium poisoning in LSCF 
 
Although the direct impact of SrCrO4 forming on the uppermost surface in the chromium poisoning of 
LSCF has been highlighted in the literature, the effect of the consequent decomposition of LSCF by 
the formation of large SrCrO4 deposits and the roles of other Cr-containing products, such as CoCr2O4 
and (Fe,Cr)2O3, are less considered. According to Figure 7.5.2, Co is enriched on the chromium 
exposed uppermost surface of LSCF, suggesting a close relationship between Co enrichment and 
chromium poisoning of LSCF. This finding is consistent with the electrode study result presented in 
Chapter 5, wherein Co enrichment was found on the uppermost surface of a chromium-dosed LSCF 
electrode. 
 
 
Figure 7.5.2 Elemental depth profiles obtained from a sample after exposure to Cr in a dry condition 
(Sample 4) 
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+
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Figure 7.5.2 shows diffusion profiles of selected secondary ions which were produced as the 
uppermost surface of Sample 4 was etched. Among the secondary ion profiles illustrated in Figure 
7.5.2, the Co profile exhibits a particularly interesting characteristic in relation to the Cr profile in that 
they both behave similarly. Such similarity was consistently found from all SIMS surface analysis on 
chromium dosed surfaces of LSCF as demonstrated in Figure 7.5.3. 
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Figure 7.5.3 Co, Cr, and Fe profiles for Sample 2, Sample 3, Sample 4, and Sample 6  
 
In Figure 7.5.3, diffusion profiles of the B-site cations (i.e. Co, Fe) and 
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Cr obtained from Sample 2, 
Sample 3, Sample 4, and Sample 6 are displayed for comparison wherein it is clearly observed that 
the uppermost surface of Cr-dosed LSCF is enriched with the B-site cations. In particular, Co 
enrichment on the uppermost surface is highly pronounced in all samples. Also, interestingly, all Co 
profiles in Figure 7.5.3 show similar characteristics to the Cr diffusion profiles as they approach the 
bulk concentration of Co. Thus, it suggests that Co segregation phenomenon is not limited to the 
uppermost surface where SrCrO4 crystals form, but also occurs in the bulk of LSCF to an extended 
depth similar to that of the chromium diffusion. 
Komatsu et al. [140] observed a spinel phase from a XRD solid state reactivity experiment between 
Cr2O3 and LSCF which was attributed to the CoCr2O4 spinel phase. This spinel phase was found to 
increase rapidly in amount with increasing time of annealing which suggests that the formation of 
CoCr2O4 is kinetically fast. According to that XRD reactivity study, it can be speculated that CoCr2O4 
may have formed in the bulk of Sample 6 (i.e. annealed in humid air) to an extension of the chromium 
penetration depth due to the fast reaction kinetic as well as forming on the uppermost surface where 
the formation of this spinel phase is expected to be the most pronounced. Kotmatsu et al. [140] also 
reported that the Cr2O3 starting phase was not detected anymore, although there were still peaks 
assigned to SrCr2O4, CoCr2O4, and (Fe,Cr)2O3, after the mixed powder (i.e. LSCF:Cr2O3= 
10wt%:1wt%) was heated at 800˚C for 600h which indicate a complete reaction had taken place. 
Accordingly, as the chromium exposure time increases, the amount of Cr2O3 is expected to decrease 
by the reaction between LSCF and Cr2O3 resulting in increasing amounts of CoCr2O4 and (Fe,Cr)2O3. 
This means that Cr
3+
 detected on the uppermost surface after a long-term annealing is likely to be of 
the CoCr2O4 phase, instead of the Cr2O3 phase.  
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A recent XRD powder reactivity study by Jiang et al. [260] reported the formation of the SrCoO3 
reaction product phase from post-annealed Co3O4-SrO-Cr2O3 powder. Since the secondary ion maps 
in Figure 7.4.9 show Sr enrichment in the zone where Co and Cr are detected, it is possible that the 
SrCoO3 phase is present in addition to CoCr2O4 and SrCrO4,contributing towards the high Co and Cr 
secondary ion counts of the immediate surface in Sample 6.  
Figure 7.5.3 also shows that the uppermost surfaces of chromium-dosed samples (i.e. Sample 2, 
Sample 3, Sample 4) in a dry condition were also enriched with Co, and the diffusion profiles of Co 
display similar characteristics to those of Cr. Recently, Jiang et al. [260] claimed that CoO 
precipitates on the uppermost surface of a chromium-dosed LSCF bulk specimen after annealing near 
a chromium-containing alloy in dry air. That observation is in agreement with the Co and Cr 
distributions evident in the secondary ion maps shown in Figure 7.4.7, wherein the presence of CoO is 
evident. Hence, for Sample 2, Sample 3, and Sample 4, the high surface Co concentration found is 
likely to be due to the formation of CoO.  
To summarise, the precipitations of Co-rich phases, such as CoO and CoCr2O4, found on the 
uppermost surface suggest that Cr is likely to replace Co on the B-site in the perovskite structured 
LSCF as discussed in Section 7.3.3.3. In addition, given the relatively short annealing times used in 
this study, the large Co segregation, the extent of which depends on the chromium diffusion depth 
along the grain boundaries, is likely to result in the formation of a Co concentration gradient in the 
shallow region (i.e. mass transport of Co towards the uppermost surface) even before Cr incorporates 
into the bulk lattices. This can explain the similar characteristics of Co and Cr diffusion profiles 
observed even in samples annealed in dry conditions. 
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(2) Sr and chromium interactions in LSCF 
 
Figure 7.5.4 A diagram showing the Sr depth profiles obtained from the Cr-dosed uppermost surfaces 
of LSCF specimens (i.e. Sample 2, Sample 4: Cr-sputtered samples annealed in dry conditions;, 
Sample 5, Sample 6: Cr-evaporated samples annealed in humid conditions) 
 
Figure 7.5.4 shows Sr diffusion profiles obtained from Sample 2, Sample 4, Sample 5, and Sample 6. 
Interestingly, Sr depletions near the uppermost surface of Cr-dosed LSCF (Sample 2 and Sample 4) 
are found only in the samples for which annealing was carried out in dry conditions. On the other 
hand, Sr enhancements are found in the samples for which annealing was carried out in humid air 
(Sample 5 and Sample 6). By analysing the Sr profiles in Figure 7.5.4 and the elemental colour maps 
in Figure 7.4.9 together, it can be speculated that the Sr enhancements found in humid air are due to 
the formation of SrCrO4 (or other ternary Sr-Cr-O phases) or SrCoO3. On the other hand, according to 
Figure 7.4.8, the Sr depletion apparent in Sample 2 and Sample 4 can be regarded as an indication of 
the suppressed formation of SrCrO4 in dry conditions. This finding is in line with a study by Bucher et 
al. [247] wherein Sr depletion on the uppermost surface of LSCF was observed after annealing a 
LSCF bulk specimen at 600˚C for 1000h in dry air in the presence of an external chromium metal 
source. Since SrCrO4 has been found to form readily in LSCF at 600˚C in humid air according to the 
literature, it seems to be that using dry air can reduce both the solid state reactivity and the vapour 
state reactivity between Cr and LSCF [161].       
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Furthermore, Figure 7.4.8 also suggests that the depressed Sr profiles in the shallow region for 
Sample 2 and Sample 4 which are shown in Figure 7.5.4 correspond to the combined depth of the 
uppermost surface where SrO(s) is precipitated and the shallow region in which a Sr concentration 
gradient forms. Accordingly, it can be suspected that the Sr concentration gradient forming in the 
shallow region observed for the samples annealed in dry air is related to Sr vapour out-diffusion from 
the uppermost surface to the surrounding atmosphere. If one considers that there is no report of Sr 
depletion found on the uppermost surface of Cr-free LSCF, the presence of a Sr concentration 
gradient in spite of the formation of SrO(s) on the immediate Cr-dosed uppermost surface in a dry 
condition can be explained by the vaporisation of Sr-containing gaseous species (e.g. SrO(s)→SrO(g)). 
In the literature, there are also a few studies conjecturing vaporisation of cations from SOFC cathode 
materials. Yokokawa et al. [261] recently proposed that cations in La-based cathode materials, such as 
LSCF and LSM, can be vapourised in the forms of oxides and hydroxides. Also, Bucher et al. [262] 
traced Sr on the electrolyte surface in the close proximity to a LSCF cathode, which indicates that 
there is significant Sr vapour transport originating from LSCF.  
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Figure 7.5.5 Graphs demonstrating the humidity dependency of the Sr concentration normalised to the 
bulk signal intensity in chromium-dosed LSCF samples (i.e. Sample 2, Sample 4: Cr-sputtered 
samples annealed in dry conditions;, Sample 8, Sample 9, Sample 10, Sample 11: Cr-sputtered 
samples annealed in humid conditions) 
 
One can claim the analysis given for Figure 7.5.4 may not be valid, since the contamination method 
used for Sample 2 and Sample 4 (Cr sputtering) is different from that used for Sample 5 and Sample 6 
(Cr evaporation). Therefore, to prove that the humidity dependencies of the relative Sr surface 
concentration shown in Figure 7.5.4 are not due to the different Cr contamination methods, extra 
surface analysis was also carried out on the samples, for which chromium was applied in an identical 
way (Cr sputtering). In Figure 7.5.5, the related analysis results are presented whereby it is shown that 
the trends of Sr saturation / depletion near the uppermost surface of chromium-dosed LSCF are 
independent of the amount of chromium and annealing time whereas the humidity in the surrounding 
atmosphere exhibits a crucial influence on such trends.  
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(3) La and interactions in LSCF 
 
 
Figure 7.5.6 A diagram showing the La depth profiles obtained from the uppermost surfaces of 
chromium-dosed LSCF specimens (i.e. Sample 2, Sample 4: Cr-sputtered samples annealed in dry 
conditions;, Sample 5 and Sample 6: Cr-evaporated samples annealed in humid conditions)  
 
According to Figure 7.5.6, the shallow regions of Cr-dosed samples, which were annealed in humid 
and dry conditions, are depleted in La. Nevertheless, the La depletion depths in humid air are greater 
(i.e.~ 225nm) compared to those in dry oxygen (i.e.< 100 nm). These La depletions can also be 
explained by considering La vaporisation originating from the uppermost surface of LSCF as 
discussed regarding the Sr depletion phenomenon. Since the formation of the perovskite structured 
LaCrO3 phase is kinetically slow compared to that of SrCrO4, La vaporisation is likely to be even 
enhanced in humid air instead of La contributing towards the formation of LaCrO3 [223]. Also, 
segregation of La-containing solid phases observed on the Cr-dosed uppermost surface after annealing 
in a dry condition only, but not in humid air, (refer to Figure 7.4.7 ~ Figure 7.4.9) supports the 
vaporisation theory.  
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7.4 Conclusion 
 
As demonstrated by the isotopic tracer measurement results, for LSCF, the effect of chromium on k* 
is larger than D*: a finding which is in agreement with that found for Do and ko. Nevertheless, given 
the reduction found in Do after chromium additions, the reduction in k* is smaller compared to that in 
ko. This difference can be ascribed to the different humidity condition used during chromium 
annealing process.  
According to the chromium diffusivity study, the grain boundary diffusivity of chromium in LSCF is 
more rapid than the bulk diffusion rate for chromium. Therefore, the hypothesis given for the 
reduction in Do caused by an addition of a relatively small amount of chromium to a LSCF electrode 
in Chapter 5 can be confirmed as valid. 
According to the near-surface analysis done using a high resolution TOF-SIMS, Co is largely 
segregated on the chromium contaminated uppermost surface of LSCF bulk specimens. Since Co is 
also found to segregate on the top surface of a chromium-dosed LSCF electrode, as shown by XANES 
(Chapter 5), it can be confirmed that Co is closely related to chromium degradation in LSCF. Such Co 
segregation is expected to enhance Sr segregation, accelerating the performance degradation of LSCF. 
However, the effect of the enhanced Sr segregation on the electrode performance would be less in dry 
air, since the formation of SrCrO4 can be suppressed effectively in dry air. In addition, the depletions 
of La and Sr found in dry air suggest segregations on the top surface of a Cr-dosed LSCF electrode 
are subjected to vaporisation, in the form of oxides. Nevertheless, unlike La or Sr, there is no sign of 
depletion of the B-site cations in the near-surface region relative to their bulk concentrations, 
implying that the B-site cations-containing precipitations on the top surface have weak tendencies to 
be vapourised (e.g. CoO(s)→CoO(g)). This is likely to be due to the relatively smaller atomic size of 
Co and Fe, thus inducing stronger van der waals forces.  
The near-surface analysis results in this study also imply that there are indirect effects of chromium 
deposition on degradation of the bulk oxygen transport property of LSCF. Once cations are ejected 
from the bulk lattice onto the surface for oxygen exchange, decomposition is likely to occur near 
chromium deposits, resulting in a modification of the chemical composition of the surface. 
Consequently, surface exchange activity can be reduced. In humid air, the reduction in k * by such 
indirect chromium deposition is likely to be more pronounced, as the surface coverage by SrCrO4 
crystals would be relatively extensive. Hence, the overall degradation in k* by chromium in humid air 
should be ascribed to both the direct and indirect effects of chromium deposition. Furthermore, the 
indirect effects of chromium deposition can also decrease D*. This is because when cations are 
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ejected, cation vacancies are likely to form, facilitating chromium incorporation into the bulk lattice. 
Hence, it can be forecasted that, in the presence of a chromium source, chromium incorporation into 
the LSCF bulk lattice can eventually occur with increased operation time, temperature, chromium 
contamination level, or humidity, even though the chemical reactivity between LSCF and Cr is 
relatively low. Such chromium substitution is expected to be highly aggravated near the top surface of 
LSCF cathode in humid air due to the formation of large SrCrO4 crystals which indicate a significant 
extraction of Sr from the bulk lattice. Hence, the chromium degradation in Do observed from a porous 
LSCF electrode in Chapter 5 might be also due to a small but unexpected chromium lattice diffusion 
contribution near the top surface of the electrode in spite of the short annealing time. Nevertheless, 
since the diffusion time was relatively short, the original explanation given for the reduction in Do (i.e. 
chromium grain boundary diffusion) is likely to be highly dominant.    
In this work, the humidity dependency of chromium deposition was also found for samples, in which 
chromium was directly deposited onto the surface. This indicates that the significant humidity 
dependency of chromium poisoning of LSCF reported in the literature is not only due to the high 
humidity dependency of the predominant chromium vapour species, but also due to the independent 
humidity dependency of chemical reactivity of LSCF with chromium.   
To conclude, although there are only few studies in which the indirect effects of chromium deposition, 
such as bulk cation segregations onto the top surface, decomposition of the bulk material, and 
vaporisation of the bulk cations, are considered, it is important to include these indirect effects as they 
also affect oxygen transport properties of LSCF cathodes. In addition, the indirect effects can also 
reinforce the direct effects of chromium deposition, such as a reduced exchange surface area, reduced 
oxygen gas permeability, and a reduced electrochemically active area. Nevertheless, since, given a 
value of Do, the chromium degradation in ko is lower in dry air, the increase in the size of 
electrochemical active size caused by chromium contamination would be less in dry air. This means 
that the durability of LSCF cathodes can be increased by using dry air, as well as by increasing the 
total cathode thickness. Furthermore, it is worth noting that the fast rate of chromium vapour transport 
from the top surface through the pores towards the cathode-electrolyte interface means that solid state 
chromium diffusion would occur over the entire body of a LSCF cathode, although SrCrO4 has been 
found to form on the top surface of LSCF cathode only. Accordingly, it is valid to assume that the 
solution infiltration method for chromium dosing which resulted in homogeneously distributed 
chromium in the bulk of a LSCF electrode (refer to Chapter 5) produced a chromium distribution 
similar to that produced in a LSCF cathode in a real-life SOFC.  
 
259 
Conclusion and Future plan 
 
The project began in 2009 to investigate chromium sensitivity of some SOFC cathode materials. The 
project adopted the ALS (Adler-Lane-Steele) model (also known as the porous electrode continuum 
model), which was developed at Imperial College London in 1996. In this project, the ALS model was 
used to interpret the chromium sensitivities of SOFC cathode materials (i.e. LSCF and LNO). The 
effects on Cr on these cathodes in particular show that LNO is much more resistant to Cr poisoning 
than is LSCF. Moreover, tracer measurements were also employed to confirm the yielded ALS model 
analysis and to provide direct evidence of the effect of chromium on oxygen diffusion and exchange 
activities in LSCF and support and explain some of findings of the project and the literature. The 
results shown in the thesis confirm that the ALS theory can be utilised to model MIEC-type cathode 
materials to a very high precision with the appropriate approach and methodology, provided selected 
materials meet certain criteria stated by the 2D ALS continuum electrode model.  
 
The desirable polarisation ASR of a SOFC cathode is ~ 0.1ohm cm
2
, which was achieved at ~ 680˚C 
and ~ 800˚C for a Cr-free LSCF and a Cr-free LNO, respectively. Such electrochemical performance 
of MIEC-type cathodes can be optimised by varying the thickness of the electrode layers and the 
electrode fabrication temperature. The differences in resulting Rp of the electrodes found in the 
process of optimising the electrochemical performance highlight the importance of electrode 
fabrication steps.     
 
LSCF is an extensively studied IT-SOFC cathode material. Despite the appreciable performance and 
compatibility of the LSCF cathode, a relatively rapid performance degradation caused by the 
formation of chromium deposits, such as SrCrO4 and Cr2O3, is problematic. Below, the main findings 
of this work concerning the chromium degradation of LSCF caused by different amounts of 
chromium and experimental conditions are summarised.   
LSCF shows a clear sign of degradation in electrochemical performance even at concentrations of Cr 
as low as 0.02wt%Cr (e.g. LSCF: at T     ˚ , Rp increases by a factor of 3 after an addition of 
0.02%Cr), although the rate of degradation with Cr content eventually decreases with increasing 
chromium concentration. The observed chromium degradation in electrochemical performance of 
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LSCF is mostly ascribed to the reduction in oxygen surface exchange rate, ko, caused by the 
chromium deposits partially covering the oxygen exchange surface. Nevertheless, the chromium 
degradation in ko can be effectively reduced by using dry air since the formation of large SrCrO4 
crystals is suppressed in a dry condition. Although the reduction in solid state oxygen diffusion, Do, in 
LSCF by reaction with chromium (i.e. ~ 1 order of magnitude by 2%Cr) is smaller than that for ko (i.e. 
~ 2.5 orders of magnitude by 2%Cr), it also contributes towards the total cathodic performance 
degradation of LSCF. Given the relatively short chromium diffusion times used in this work, the 
apparent reduction in Do can be mostly ascribed to the chromium diffusing along the grain boundaries, 
hindering the continuous network of oxygen vacancies. According to the measured solid state 
chromium diffusivity data in the study, after diffusion annealing at 900˚C for one week in humid air, 
chromium can diffuse in a LSCF cathode over distances of 85nm and 1.1µm via bulk path and grain 
boundary path, respectively. Accordingly, given that the average electrode particle size is ~     m, 
chromium would have diffused along the all grain boundaries and penetrated only ~ 1/6 of the 
average-sized electrode bulk particles. Based on these calculated chromium diffusion distances, it can 
be predicted that, for LSCF, chromium diffusion via bulk path will also increasingly contribute 
towards the chromium degradation in Do with increasing time under exposure to chromium.  
In addition to the direct effects of chromium deposits found responsible for the chromium degradation 
in Do and ko, as discussed above, TOF-SIMS near surface analysis indicated that it is likely that there 
is also indirect chromium degradation caused by segregation of LSCF cations, decomposition of the 
nearby LSCF, and LSCF cation-containing vapour out-diffusion to the atmosphere. 
To conclude, two solutions for delaying the failure of cathodic performance of LSCF by chromium 
can be proposed based on this work: (a) usage of dry air and (b) increase the thickness of LSCF 
cathode.    
  
Recently, Ruddlesden-Popper structured LNO is attracting much attention as an IT-SOFC cathode 
candidate, because it exhibits a rapid solid state oxygen transport via interstitial sites in the rock-salt 
layers. In this study, the chromium sensitivity of LNO was studied using the same analytical approach 
as done for LSCF, so that a fair comparison between the two cathode candidate materials becomes 
viable. Below, the main findings of this work concerning the chromium degradation of LNO caused 
by different amounts of chromium are summarised  
LNO shows a significantly stronger chromium tolerance power in comparison to that of LSCF which 
can be attributed to perovskite structured chromium reaction products. Most interestingly, at low 
chromium levels (i.e. up to 0.5%Cr), fluctuations (even some enhancements) in electrochemical 
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performance of LNO are seen as increasing chromium concentration, although the degradation effect 
of chromium eventually becomes more clear as increasing dosage level above ~ 0.5wt%Cr. The ALS 
model analysis reveals that the reason behind the fluctuations / enhancements in Rp at low %Cr is the 
fluctuations/enhancements of ko, facilitated by the formation of the LaNiO3 product phase. Moreover, 
unlike LSCF, LNO shows similar chromium degradations of Do and ko at 5wt%Cr (i.e. ~1 order of 
magnitude by 5%Cr in the both parameters), even though the critical chromium concentration range in 
which the two oxygen transport parameters of LNO degrade the most dramatically differ. 
To conclude, based on the facts that LNO readily reacts with Cr and the chromium reaction product 
phases themselves possess some useful oxygen catalytic properties, it can be predicted that a complete 
failure of cathodic performance of LNO by chromium will not occur even though the merit of being 
an excellent MIEC is likely to vanish as increasing chromium concentration. Nevertheless, despite the 
much better chromium tolerance power of LNO compared to LSCF, the initial electrochemical 
performance instability, high chemical reactivity with electrolyte materials, and partial decomposition 
to higher order LNO phases can pose challenges for incorporating LNO as a SOFC cathode.     
 
Below, there are some suggestions for future work: 
 
1) ALS analysis of LSCF and LNO cathodes from working fuel cells after long term operation. 
2) High resolution TEM to determine whether the Cr penetrates LSCF grain boundaries in cathodes 
from operated SOFCs and in deliberately Cr-dosed cathodes of the type used in the present study. 
3) Cr impurity diffusion experiments for measuring diffusion coefficients (e.g. as a function of 
temperature) to obtain better understanding of lattice and grain boundary diffusion in LSCF and LNO. 
4) LEIS and TOF-SIMS analysis of the indirect chromium degradation factors to improve 
understanding on the long-term chromium degradation behaviour of LSCF. 
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